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PREFACE 


This  report  was  prepared  by  John  P.  Classen  and  William  L.  Rollwitz, 
Project  Enginners,  of  the  Electronics  and  Electrical  Engineering  Division  of 
Southwest  Research  Institute.  The  research  was  supported  by  the  Advanced 
Research  Projects  Agency,  Washington,  D.  C.. ,  and  was  monitored  by  the 
U.  S.  Army  Research  and  Development  Laboratories  under  Contract  DA- 
44-009-AMC-  1205(T).  The  project  was  administered  under  the  direction 
of  the  Electrical  Department  of  the  Barrier  and  Intrusio*.  Detection  Division, 
USAERDL  with  Guy  F.  Origlio  serving  as  the  contract  representative.. 


SUMMARY 


The  work  of  this  contract  was:  (1)  to  design,  develop,  and  test  a 
detector  for  buried  nonmetallvc  objects  using  the  magnetoabsorption  detection 
method,  and  (2)  to  adapt  the  magnetoabsorption  detection  head  so  as  to  give 
both  magnetoabsorption  and  induction  signals  useful  for  detei  n  and  identify¬ 
ing  the  composition  of  hidden  objects.  Consequently,  the  largest  part  cf  the 
effort  was  directed  toward  the  design  and  construction:.  (1)  of  the  detection 
head  to  be  used  for  both  problems,  (2)  the  magnetoabsorption  detection 
system  with  sufficient  sensitivity  for  both  soils  and  small  objects,  and  (3) 
the  electronic  systems  for  obtaining  the  amplitude  and  phase  of  the  desired 
harmonics. 

These  components  were  assembled  in  a  laboratory  test  facility  for 
mine  detection  studies.  In  the  mine  detector,  the  fundamental  of  the 
magnetoabsorption  signal  from  the  soil  is  coherently  detected  using  as  a 
reference  signal  the  second  harmonic  of  the  magnetic  bias.  The  usefulness 
of  this  method  and  the  capability  of  the  system,  to  detect  mines  buried  2 
inches  with  a  detector  height  of  1-3/4  inches,  was  demonstrated  by  a  35- 
percent  decrease  in  signal  when  the  detector  crossed  a  mine  buried  in  a  box  of 
soil  in  the  laboratory.  The  percentage  decrease  in  the  detected  signal, 
caused  by  the  void  made  in  the  soil  by  the  nonmetallic  mine,  remained  con¬ 
stant  as  the  height  of  the  detection  head  varied  from  2-1/2  inches  down  to 
zero.  In  this  system,  the  direct  induction  signal  was  rejected  by  using  a 
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doub’a  D  configuration  in  the  detection  coil  and  a  high-pass  filter  in  the 
marginal  oscillator  (Robinson  Circuit)  used  for  the  magnetoabsorpi ion 
detector.  A  frequency  of  500  kilocycles  was  used  for  the  marg’nal-osc liiator , 
and  the  magnetic  bias  ’ield  was  at  a  frequency  of  55  cycles. 

To  obtain  the  magnetoabsorption  and  induction  signals  simultaneously, 
the  double-D  type  of  detection  head  was  used  with  the  marginal  oscillator 
previously  mentioned..  Since  the  magnetoabsorption  signal  is  a  modulation 
of  the  amplitude  of  the  radiofrequency  (500  kc)  marginal  oscillator  and  the 
direct  induction  signal  is  at  55  cycles,  the  two  signals  were  separated  by 
filters.  The  high-pass  filter  mentioned  previously  made  the  detected  output 
of  the  marginal  oscillator  the  magnetoabsorption  signal  at  a  fundamental  of 
110  cycles.  The  low-pass  filter  gave  the  induction  signal  at  a  fundamental 
of  55  cycles.  Lissajous  patterns  were  made  with  the  magnetoabsorption  or 
direct  induction  signals  on  the  vertical  axis  and  the  55-cyclc  bias  field  on  the 
horizontal  axis  of  the  oscilloscope.  Harmonic  amplitudes  were  also  made  for  each 
signal.;  A  total  of  twenty-one  objects  were  used  which  varied' in  sizes  from 
a  volume  of  1  cubic  foot  to  1/32  cubic  foot.;  The  comparison  of  the  Lissajous 
signals  plus  the  harmonic  analyses  of  each  signal  demonstrated  that  the 
combination  of  the  amplitudes  and  phases  of  the  harmonics  of  the  magneto- 
absorption  and  direct  induction  signals  can  be  used  both  to  detect  the  presence 
of  hidde.’  objects  and  to  identify  their  composition. 
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INTRODUCTION 


Earlier  effort  at  Southwest  Research  Institute  under  Contract  DA- 
44-  009 -ENG-4678,  Problem  11,  as  reported  in  the  final  report  dated 
19  April  1962,  demonstrated  that  magnetoabsorption  signals  were  derivable 
from  soils  typical  to  the  immediate  San  Antonio  area  and  that  explosives 
gave  no  magnetoabsorption  signals-  Work  on  other  projects  had  greatly 
increased  the  understanding  of  the  phenomenon  and  had  indicated  detection 
systems  with  increased  sensitivity.  On  the  basis  of  these  and  other  obser¬ 
vations,  this  investigation  was  undertaken  to  design,  fabricate,  and  test  a 
device  for  (1)  the  detection,  by  means  of  the  magnetoabsorption  signals  from 
the  soil,  the  presence  of  a  magnetic  void  caused  by  a  buried  nonmagnetic 
nonconductc r,  and  (2)  the  description  of  the  composition  of  the  material  in 
buried  objects  by  combining  the  direct  induction  and  magnetoabsorption 
detection  in  one  detection  head  but  with  separate  electronics  and  display.  To 
these  objectives,  the  program  was  separated  into  the  following  parts: 

(1)  To  conduct  a  search  of  the  literature  for  studies  in  electro¬ 
magnetic  topics  that  might  be  readily  adaptable  for  a  suitable 
electromagnetic  model  for  design  guidance  in  the  detection  of 
discrete  and  dispersed  objects. 

(Z)  To  investigate  the  geometry  and  performance  required  from  a 
double-D  type  of  detection  head  to  give  the  maximum  magneto- 
absorption  signals  from  large  volumes  of  material,  with  a 
dispersed  ferromagnetic  or  ferrimagnetic  component,  such  as 
soils  in  a  flat  geometry. 


(3)  To  design,  construct,  and  test  a  completely  solid-state 
marginal-oscillator  type  of  magnetoabsorption  detector  with  a 
high  sensitivity  when  used  with  the  detection  head. 

(4)  To  determine  the  operational  characteristics  of  the  system 
composed  of  the  marginal-oscillator  and  the  detection  head  and, 
in  particular,  to  measure: 

(a)  the  sensitivity  of  the  system  to  mine  depth; 

(b)  the  effects  of  detector  height; 

(c)  the  effects  of  moisturej 

(d)  the  effects  of  scanning  rate; 

(e)  the  effects  of  the  frequency  of  the  marginal-oscillator; 

(f)  the  effects  of  the  frequency  of  the  magnetic  bias  field. 

(5)  To  design,  construct,  and  test  a  solid-state  laboratory  type 
model  of  the  magnetic-void  buried-object  detector  based  upon 
the  results  from  (4). 

(6)  To  test  the  above  system  to  determine  its  characteristics  as  a 
detector  of  buried  nonmagnetic  nonconducting  objects. 

(7)  To  study  the  character  and  requirements  of  a  discrete,  magnetic, 
conducting  object  detection  system  >.g  the  detection  head  of 
(2),  the  detector  of  (3)  and  a  combination  of  the  direct  induction 
and  magnetoabsorption  signals. 

(8)  To  add  to  the  designs  of  (5)  the  detection  of  the  direct  induction 
signal  and  to  determine  the  differences,  in  the  shapes  and 
harmonic  content,  between  the  direct  induction  and  magneto¬ 
absorption  signals  from.- various  discrete  objects. 

(9)  To  determine  the  characteristics  of  the  discrete  object  detector 
in  differentiating  between  nonmagnetic  conductors,  unmagnetized 
magnetic  conductors,  magnetized  magnetic  conductors,  magnetic 
nonconductors,  magnetized  magnetic  nonconductors  and  permanent 
magnets . 

The  manner  in  which  these  tasks  were  conducted  and  results  obtained 
are  described  in  the  remainder  of  the  report. 
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II.  SUMMARY  OF  RESULTS 


A.  Equipment 

The  block  diagram  of  the  equipment  developed  for  the  laboratory 
tests  of  the  magnetic-void  buried-object  magnetoabsorption  detection  system 
is  shown  in  Figure  1.  The  photograph  of  the  equipment  as  it  was  used  in  the 
laboratory  is  shown  in  Figure  2. 

The  strong  magnetic  bias  field  at  55  cps  is  produced  by  the  bias  coil 
which  is  fed  from  the  55-cps  generator  through  a  power  amplifier.  With 
20  watts  of  power,  a  magnetic  field  of  36-oersteds  peak  intensity  at  55  cps 
can  be  obtained. 

The  radiofrequency  magnetoabsorption  detection  coil,  Lj,  has  the 
double-D  configuration  so  that  the  amount  of  the  55-cycle  voltage  is  minimized 
which  is  directly  induced  from  the  bias  coil  to  the  radiofrequency  coil.  By 
proper  geometrical  adjustment  of  the  double-D  coil,  the  amount  of  55-cycle 
voltage  induced  can  be  reduced  to  a  value  below  50  microvolts.  The  double- 
D  radiofrequency  coil  is  tuned  to  approximately  500  kilocycles  by  capacitor  Cj. 

The  amount  of  55-cycle  voltage  induced  in  the  double-D  coil  will  be 
increased  when  the  detection  head  is  placed  near  or  on  the  ground.  Therefore, 
the  high-pass  filter  is  used  to  reject  the  55-cycle  voltage  and  prevent  it  from 
reaching  the  amplifier?.  The  500-kilocycle  voltage  as  well  as  the  110-cycle 
magnetoabsorption  modulation  is  passed  by  the  high-pass  filter  to  the  amplifier. 
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FIGURE  1.  BLOCK  DIAGRAM  OF  THE  EQUIPMENT  DEVELOPED 
FOR  THE  MAGNETIC -VOID,  BURIED -OBJECT 
MAGNETOABSORPTION  SYSTEM 
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The  amplifier  increases  the  amplitude  of  the  500-kilocycle  signal  and 
passes  it  through  alimiter  to  control  the. oscillation  level  and  to  strip  the  110-cps 
magnetoabsorption  signal  off  of  the  radiofrequency  to  be  fed  back.  The 
output  of  the  limiter  is  fed  back  to  the  radiofrequency  coil  through  the  feed¬ 
back  resistor i  R.£,  so  that  a  sustained  oscillation  is  obtained  whose  level  is 
controlled  by  the  limiter. 

The  output  of  the  resulting  marginal-oscillator  at  A  is  a  radiofrequency 
voltage  whose  amplitude  is  modulated  with  the  magnetoabsorption  signal.  The 
magnetoabsorption  signal  itself  is  obtained  by  passing  the  marginal-oscillator 
output  through  an  amplitude  detector  which  in  this  case  is  an  infinite -imped¬ 
ance  type  Using  a  Field  Effect  ‘Transistor.  The  output  of  the  detector  feeds  a 
dc  voltmeter  to  measure  the  oscillator  level,  and  an  amplifier  phase- 
detector  system  to  improve  stgnal/noise  ratios.  The  signal/noise  ratio  at 
the  output  df  the  amplitude  detector  varied  from  a  low  of  2/1  to  a  value  greater 
than  10/1.  Figure  3  gives  two  representative  magnetoabsorption  Lissajous 

n't  ‘ 

figures  (magnetoabsorption  signal  oh  the  vertical  and  magnetic  bias  on. 
horizontal)  taken  with  the  detection  head  on  the  surface  of  the  soil  and  spaced 
1.  5  inches. 

The  signal /noise  improvement,  required  for  a  good  measurement, 
was  obtained  by  reducing  the  bandwidth.  Thus,  the  output  of  the  amplitude 
detector  is  passed  through  anarrow-band  amplifier  whose  center  frequency  is 
at  110  cycles  and  whose  bandwidth  is  10  cycles.  To  further  reduce  the  band¬ 
width,  the  signal  is  fed  through  a  110-cycle  amplitude -sensitive  phas<  detector. 
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(a) 

At  Soil  Surface 


1-1/2  Inches 
above  Soil 


FIGURE  3.  SOIL  MAGNETOABSORPTION  SIGNALS 
OBTAINED:  (a)  AT  THE  SURFACE  AND 
(b)  WITH  1.5  INCHES  SEPARATION 


The  110-cycle  reference  for  the  phase-detector  is  obtained  from  the  55-cycle 
generator  through  a  frequency  doubler  and  a  power  amplifier.  The  output  of 
the  phase-detector  is  a  dc  voltage  which  is  passed  through  a  low-pass  filter  of 
1/6-cycles  bandwidth.  Thus,  the  bandwidth  has  been  reduced  from  about  1,  000 
cycles  to  1/6  cycles,  and  the  signal/noise  ratio  has  been  improved  by  seventy- 
times.  The  output  of  the  phase  detector  is  applied  to  a  recorder  for  laboratory 
measurements  and  to  a  meter  for  field  measurements. 

B.  Magnetic-Void  Buried-Object  Detection 

The  laboratory  test  system  used  for  the  magnetic-void  buried-object 
detection  system  is  shown  in  Figure  2.  In  order  to  easily,  continuously  and 
linearly  traverse  the  test  box  >f  soil  with  the  detection  head,  the  mechanical 
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traversing  mechanism,  driven  by  a  reversible  motor  with  reversing  limit 

'«  v  y 

switches,  was. .used  as  shown  on  the  box  in  Figure  2.  The  test  box  is  72 
inches  long,  24  inches  wide  and  6  inches  deep.  A  type  M-19  mine  case  was 
buried  at  its  center  at  varying  depths.  A  scan  was  then  made  over  the  length 
of  the  box  and  back  with  the  output  of  the  phase  detector  applied  to  the 
recorder. 

The  recorded  amplitude  of  the  magnetoabsorption  signal  is  large 
when  no  buried  object  is  present,  and  it  decreases  when  the  detection  head 
is  directly  over  a  buried  object  which  is  a  magnetic  void.  Figure  4  show? 
one  scan  cycle  from  one  end,  A,  to  the  other  end,  B,  and  return  with  no 
mine  buried  for  a  1-inch  detector  height.  The  variations  shown  are  those 
to  be  expected  from  the  magnetic  variations  of  the  soil.  When  a  M-19  mine 
casing  is  buried  flush  with  the  surface  and  the  detector  is  held  1  mch  above 
the  surface,  the  signal  variation  shown  in  Figure  5  is  obtained  for  one  scan 
cycle.  The  magnetoabsorption  signal  decreases  by  more  than  175  millivolts. 
When  the  M-19  mine  casing  is  buried  with  its  top  1  inch  below  the  surface 
and  when  the  detection  head  is  kept  at  1  inch  above  the  surface  of  the  soil, 
the  variation  in  amplitude  shown  in  Figure  6  was  obtained  for  one  scan  cycle. 
Thus,  for  a  1-inch  depth,  the  amplitude  changes  by  over  100  millivolts  as  the 
magnetic  void  is  traversed.  When  ti  e  mine  is  buried  at  a  depth  of  2  inches, 
a  variation  larger  than  25  millivolts  is  obtained  as  shown  in  Figure  7.  For 
all  of  these  measurements,  the  bottom  of  the  detection  head  is  1  inch  from  the 
top  of  the  soil.  The  radiofrequency  coil  itself  is  11/16  inch  from  the  bottom 
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FIGURE  5'.  ONE  SCAN  CYCLE  OVER  A  MINE  FLUSH  WITH  THE 
SURFACE.  THE  DETECTOR  HEIGHT  IS  1 -INCH  ABOVE 
THE  ’’OP  OF  THE  SOIL. 


of  the  detection  head  so  that  the  actual  soil-to-coil  height  is  nearly  1-3/4 
inches. 

The  variation  of  the  amplitude  of  the  magnetoabsorption  signal  as  a 
function  of  the  height  of  the  detection  coil  with  no  buried  object  is  plotted  on 
the  linear  graph  of  Figure  8.  When  the  output  is  plotted  on  semilog  paper, 
the  straight  line  of  Figure  9  is  obtained.  This  straight  line  indicates  that 
the  amplitude  varies  as  the  height  to  some  power.  The  field  from  two 
mutually- coupled  current-loops  would  vary  as  the  height  to  the  fourth  power. 

If  the  graph  of  Figure  8  is  plotted  on  log-log  paper,  a  fit  of  height  to  the  3.  3 
power  is  obtained.  Time  and  effort  were  not  expended  to  attempt  to  determine 
the  reasons  for  the  difference  obtained.  It  should  be  remembered,  however, 
that  the  magnitude  of  the  magnetoabsorption  signal  depends  upon  a  combination 
of  the  strength  of  radiofrequency  field  and  the  strength  of  the  magnetic  bias 
field. 

The  percent  change  in  the  magnetoabsorption  signal  amplitude, 
caused  by  the  presence  of  the  magnetic  void  from  the  M- 19  mine  casing,  as 
a  function  of  the  mine  depth,  is  sho\yn  in  the  graph  of  Figure  10  for  detection 
head  heights  of  1/2,  3/4,  1,  1-1/4,  1-1/2  and  1-3/4  inches.  The  data 
graphed  in  Figure  10  show  that  the  percentage  change  in  signal  amplitude 
is  independent  of  detector  height.  Figure  10  also  shows  that  buried  magnetic 
voids  buried  with  their  tops  2  inches  below  the  surface  of  the  soil  can  be 
detected  with  the  detection  coil  2-1/2  inches  above  the  soil  surface. 


FIGURE  9.  SEMILOG  GRAPH  OF  THE  SIGNAL  AMPLITUDE  AS  A 
FUNCTION  OF  DETECTION  COIL  HEIGHT 

WITH  NO  BURIED  OBJECT 


'♦I* 


UM 


When  the  data  of  Figure  10  are  plotted  as  the  percentage  change,  for 
a  family  of  curves  at  void  depths  of  2,  1,  and  -0  inches,  as  a  function 
the  height  of  the  detection  head,  the  constant-percent  with  detection-head- 
height  characteristic  is  shown  as  in  Figure  11. 

The  results  shown  in  Figures  4  through'  11  demonstrate  that  the 
amplitude  Of  the  fundamental  of  the  magnetoabsorption  signal  at  110  cycles 
can  be  used  to  detect  the  presence  of  a  magnetic  void  buried  in  soils.  The 
results  further  show  that  the  percentage  change  in  the  amplitude  of  the 
magnetoabsorption  signal  caused  by  a  magnetic  void  is  independent  of  the 
height  of  the  detection  head  while  it  varies  exponentially  with  the  depth  of 
the  magnetic  void.  Thus,  if  an  automatic  gain  control  system  is  used,  the 
time  constant,  T,  of  the  system  and  the  feedback  characteristic,  B,  must  be 
adjusted  so  that 


T  .  -d. 
1+AB  S 


(1) 


where  > : 

A  is  the  gain  of  the  controlled  amplifier; 
d  is  the  diameter  of  the  magnetic  void; 

S  is  the  speed  of  the  detection  head  over  the  ground. 

Such  an  adjustment  will  make  the  detection  system  less  sensitive  to  variations 
in  detection-head  heights  and  more  sensitive  to  variations  caused  by  buried 


magnetic  voids. 
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C.  Discrete  Object  Detection  and  Identification 

To  obtain  the  ability  to  both  detect  and  identify  the  composition  of 
discrete  objects,  the  amplitude  and  phase  of  both  the  direct  induction  and  the 
magnetoabsorption  signals  must  be  used.  The  double-D  radiofrequency  coil 
type  of  detection  head  had  been  designed  to  provide  both  signals,  and,  thus,  it 
can  be  used  without  modification.  Since  the  shapes  (Lissajous  Figures)  and 
the  amplitudes  of  the  harmonics  of  the  magnetoabsorption  signals  were  to 
be  compared,  only  the  high-pass  filter,  the  amplifier-limiter  and  the 
amplitude  detector  components  of  the  magnetic- void  detector  (Fig.  1)  were 
used  for  the  magnetoabsorption  part  of  the  discrete  object  detector  tests  for 
object  signatures.  (The  55-cycle  generator  and  power  amplifier  were  also 
necessary. ) 

Because  the  direct  induction  signals  in  the  double-D  radiofrequency 
detection  coil  are  at  55  cycles*  they  could  be  separated  from  the  magneto¬ 
absorption  signal  at  "oint  A  in  Figure  1  by  a  low-pass  filter.  Therefore,  the 
block  diagram  of  Figure  12was  usedfor  a  labontory  test  system  to  make  the 
determinations  of:  (1)  the  shape  of  the  Lissajous  figures  for  the  magneto¬ 
absorption  signals,  (2)  the  amplitudes  of  the  harmonics  of  the  magneto¬ 
absorption  signals,  (3)  the  shape  of  the  Lissajous  figures  for  the  direct 
induction  signals,  and  (4)  the  amplitudes  of  the  harmonics  of  the  direct  induction 
signals.  The  test  etup  in  the  laboratory  would  look  similar  to  that  of 
Figure  2  except  that  the  detection  head  is  turned  upside  down  and  the  discrete 


t 


objects  are  placed  on  top  ' f  ,t 
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FIGURE  12.  BLOCK  DLYGRAM  OF  THE  DISCRETE  OBJECT 
DETECTION  AND  IDENTIFICATION  LABORATORY 
TEST  SYSTEM 


The  results  shown  by  the  two  Lissajous  figures  and  the  two  harmonic 
analyses  for  each  of  the  twenty-one  discrete  objects  willbe  given  in  the  following 
paragraphs.  Pictures  aTe,  also  given  showing  the  object  being  measured  and 
its  relation  to  the  detection  head.  A  total  of  eleven  (11)  construction  type 
materials  and  ten  (10)  electronic  components  is  used. 

1*  Measurements  on  Construction  Materials 

a.  Channel  Iron 

The  Lissajous  patterns  obtained  from  a  large  piece  of 
channel  iron  and  the  mounting  pictures  are  shown  in  Figure  13a.  It  has  both 
a  magnetoabsorption  and  a  direct  induction  signal  since  it  is  a  ferromagnetic 
conductor.  In  addition,  the  induction  signal  is  nearly  90°  out  of  phase  with 
the  magnetic  bias.  The  harmonic  amplitudes  are  shown  in  Figure  13b  The 
magnetoabsorption  signal  has  a  strong  secox  d-harmonic  component  with  only 
two  higher  harmonics.  The  direct  induction  signal  has  its  fundamental  at 
50  cycles,  a  small  100-cycle  component  and  a  third-harmonic  component  ct 
150  cyclea  indicating  that  the  material  is  a  ferromagnetic  conductor. 

b.  Angle  Iron 

The  results  for  a  piece  of  angle  iron  are  shown  in 
Figures  14a  and  14b.  The  presence  of  a  higher  harmonic  in  the  magneto¬ 
absorption  signal  shows  the  angle  iron  to  be  made  from  different  material 
than  the  channel  iron  or  to  have  had  different  treatment.  However,  the 
n>~  'metoa'osorpl.on  and  direct  induction  results  are  very  similar  to  those 


FIGURE  13a 


FIGURE  13b.  HARMONIC  AMPLITUDES  FROM  CHANNEL  IRON 
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FIGURE  14a 


TGURE  14b.  HARMONIC  AMPLITUDES  FOR  ANGLE  IRON 


Best  Available  Copy 


c ■  Copper  Tubing 

The  copper  tubing  gave  no  magnetoab3orption  signal  as 
shown  in  Figure  15a.  The  induction  signal  was  strong  and  had  a  phase  angle 
close  to  zero  as  characteristic  of  nonmagnetic  conductors.  The  harmonic 
amplitudes  of  Figure  15b  show  no  magnetoabsorption  data  and  only  the 
harmonics  present  from  the  direct  induction  as  expected  from  a  nonmagnetic 
conductor. 

d.  Type  BX  Electrical  Conduit 

The  magnetoabsorption  signal  from  a  4-,foot  length 
of  type  BX  electrical  conduit  is  shown  in  Figure  16a.  Its  shape  indicates 
that  it  is  from  a  piece  of  hardened  or  cold-worked  steel.  The  presence  of 
higher  harmonic  amplitudes,  as  shown  in  Figure  16b,  also  indicates  thi9 
characteristic.  The  phase  angle  induction  signal  of  Figure  16a  also  is  chat 
to  be  expected  if  the  sample  is  a  magnetic  conductor.  The  high  amplitude  of 
the  third  harmonic  on  the  induction  signal  also  indicates  a  magnetic  conductor 

e.  Thin-Wall  Electrical  Conduit 

The  magnetoabsorption  signal  from  thin-wall  electrical 
conduit,  Figure  17a,  shows  that  it  is  made  from  a  magnetic  material  that 
has  been  cold-worked  or  work  hardened.  This  is  further  indicated  by  the 
large  amplitude  of  the  higher  harmonics  of  the  magnetoabsorption  signal  in 
Figure  17b.  That  it  is  a  magnetic  conductor  is  shown  by  the  direct  induction 
signal,  phased  90°  relative  to  the  bias  field,  of  Figure  17a.  The  harmonic 
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FIGURE  17a 
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”  v^r  *  , 

amplitudes,  Figure  17b,  of  the  induction  signal  show  the  third  harmonic  to 
be  expected  but  essentially  nb' second-harmonic  amplitude. 
fV  Electrical  Outlet  Box 

-  v  ,  ,  The  eiectrical  outlet  box  gives  a  magnetoabs'orption 

^signal.  Figure  18a,  whose’  shape  is  similar  to  that  from  the  type  BX  conduit. 

”■  .  ■» •  -  •  -v. 

.  ^he-hiegneto?ij8orgti.on'  Sigpal  also  has  a  high  amplitude  of  the  higher 

‘  '  *  -  -  -  •  *  4  '  v‘ 

harmonics,  Figure  18b,  indicating  that  it  is  either  cold-worked  or  made 
from  a  hardened  steel,  *he  induction  signal,  being  at  a  relative  angle  of 
nearly  90°,  ihdicates  a  magnetic  conductor.  The  induction  harmonic 

v' 

analysis,  Figure  18b,  shows  that  it  has  a  large  third-harmonic  component 
and  a  smaller  second -harmonic  amplitude  also  indicative  of  a  magnetic 
conductor.,-  •  .  .  •.  • 

•  *•  Toggle  Bolt  , 

;  TJhe  magnetoab, sorption  signal,,  Figure  19a,  from  a  toggle 

S  'O'  '  “  f  .  ^  ^  „  1  * 

bolt  indicates  that’  if  ii  &  magnetic  conductor  made  from  cold-worked  steel. 

'  O  $  '  ‘f  ,  *  '  *  .  'a 

'  *  .  «  '  *?v *  ‘ 

-  ,  -  *  "  •  £>  *  ^  -  *  <, 

The  harmonic  ampllitudes  of  Figure  19b  also  indicate  the  presence  of  cold- 

;  ‘  •:  .■%..>  .  V  .  '  '< 

.  . 

worked’ or  hardened  Steel,  The  induction  signal  of  Figure  19a  is  nearly  at  a 

\  •  ,  :  >  ;  'v  ■  i 

9.6**  relative  angle  indicating  a  magnetic  material  of  low  conductivity..  The 

'  1  A  <o  '  ‘  v  *  ,  +  .  , 

harmonic  analysis  of  the  induction  signal,  Figure  19b,  also  indicates  the 

‘  *  >•  <  » 

large  third-har mb'nic  component  for  hardened  steel. 

i  ~  ^  ~  ~  ^  j, 

h.  Standard  Electrical  Switch 
5 - P - - - 

'  f ‘ 

The  shape  of  the  rcagnetOabsorption  signal,  Figure  20a, 
is  characteristic  of  a  work-hardened  magnetic  conductor,  and  the  harmonic 
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FIGURE  1 8b.  HARMONIC  AMPLITUDES  FOR  AN 
ELECTRICAL  OUTLET  BOX 


35 


MAGNETOABSORPTION  SIGNAL 


OBJECT  LOCATION: _ UJlL 


VERTICAL  SEN:— UlUs 

,  1,.  2  Vpp 


INDUCTION  SIGNAL 


OBJECT  LOCATION*  -  j 

t 


OBJECT  DESCRIPTION:  ■  TOGGLE  BQLT^ - 

CHARACTERISTIC  DIMENSIONS: _ 30,.6,lg-lL 


PHASE  INDICATION 


FIGURE  19a 


IGURE  1 9b.  HARMONIC  AMPLITUDES  FOR  A  TOGGLE  BOLT 


amplitudes  o £  Figure  20b  aloo  indicate  this  same  material.  The  induction 
signal,  Figure  20a,  also  indicates  a  magnetic  conductor  with  a  fair  conduc¬ 
tivity.  The  harmonic  amplitudes,  of  Figure  20a,  show  the  large  third - 
harmonic  component  in  the  induction  as  expected  from  magnetic  conductors. 

i.  Star  Bolt 

The  Star  bolt  is  a  brass  bolt  in  a  lead  sheath.  It  gave  no 
magnetoabsorption  signal  and  only  5  millivolts  of  induction  signal  as  shown 
in  Figure  21  which  is  typical  of  a  nonmagnetic  poor -conductor. 

j.  Lead  Tubing 

Lead  tubing  al30  gave  no  magnetoabsorption  signal  and 
only  1. 5  millivolts  of  induction  as  shown  in  Figure  22.  This  again  is 
characteristic  of  nonmagnetic  poor-conductors. 

k.  Metal  Plaster  Lath 

The  expanded  metal  used  for  plastering  gave  the  strong 
magnetoabsorption  signal  of  Figure  23a.  This  signal  indicates  that  the 
material  is  soft  steel.  The  amplitudes  of  the  higher  harmonics  indicate  that 
it  is  mildly  cold-worked.  The  induction  signal  in  Figure  23a  was  different 
from  any  others,  and  the  harmonic  analysis  of  Figure  23b  showed  a  large 
fourth-harmonic  component  as  well  as  large  third-  and  second-harmonic 
components.  These  characteristics  may  be  caused  by  the  large  area  of  the 
material  and  the  number  of  shorted  loops  in  it. 


38 


INDUCTION  SIGNAL 


OBJECT  LOCATION:  -  PHASE  INDICATION 

*  ‘  .  f 


OBJECT  DESCRIPTION:  STANDARD' SINGLE  ^OLE  SWITCH 

CHARACTERISTIC  DIMENSIONS1 _ 

FIGURE  20a 


39 


OBJECT  DESCRIPTION:  STAR  BOLT  (BRASS  BOLT ,  LEAD  SHEATH)^ 

CHARACTERISTIC  DIMENSIONS: _  1/4""20  —  - - — _ - 


OBJECT  LOCATION:  -2121 -  ,  PHASE  INDICATION 

'  „  '  Fundamental  measurement 


OBJECT  DESCRIPTION:  LEAD  TUBING'' 

CHARACTERISTIC  DIMENSIONS:  3/8"  x  5/8" 


FIGURE  22 


MAGNETOABSORPTION  SIGNAL 


OBJECT  i  QCATiflM:  3 -3/4 11 


VERTICAL  _  0.5  y/cn 
2. 4  vpp 


INDUCTION  SIGNAL 


*  BJECT  LOCATION* 


PHASE  INDICATION 


OBJECT  ftESCBlPTlQMi  PLASTER  METAL  LATH 


CHARACTERISTIC  DIMENSIONS' 


20" x  27" 


FIGURE  23a 


2.  Electronic  Components 

a.  Electronic  Cables 

No  oscilloscope  presentation  could  be  obtained  with  either 
the  magnetoabsorption  or  the  induction  signals.  With  a  very  narrow-band 
amplifier  and  a  magnetic  bias  frequency  of  1000  cycles,  direct  induction 
signals  of  between  25  and  IQO  microvolts  were  obtained.  The  cables  used 
were  regular  microphone  and  two  conductor  cables  3,  to  4  feet  long  such  as 
Belden  1710,  1450- and  1709:. 

b.  Aluminumr Encased  Microphone 

This  microphone,  although  it  contained  a  permanent 
magnet,  gave  no  magnetoabsorption  signal  probably  because  of  the  radio- 
frequency  shielding  effect  of  the  aluminum  base.  A  large  induction  signal, 

j 

Figure  24a,  was  obtained  which  did  show  that  it  came  from  a  magnetic  con¬ 
ductor  because  of  its  nearly  90°  relative  phase.  The  magnetic  conductor 

\ 

character,  of  the  induction  signal  was  also  shown  by  the  third-harmonic 
amplitude  of  Figure  24b.  : 

c.  Knowles  Microphone  r 

-  »  *  t 

The  Knowles  Model  BE- 1530,  a  very  small  microphone, 

also  contained  a  permanent  magnet  and  a  metal  case.  However,  this  case 

*  » 

was  an  incomplete  shield,  and  the  magnetoab sorption  signal  of  Figure  25a 

*  0  '  , 

was  obtained.  tThis,  shape  of  magnetoabsorption  curve  is  as  predicted  for  a 
magnetized  material.  That  is,  it  contains  both  a  50-cycle  and  a  100-cycle 

'j  -  1 

component  in  its  magnetoabsorption  signal.  The  harmonic  amplitudes  of 
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FIGURE  24b.  HARMONIC  AMPLITUDES  FOR  AN 
ALUMINUM -ENCASED  MICROPHONE 
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Figure  25b  ihow  that  the  magnetoabsorption  signal  from  this  magnet  is 
composed  .if  a  strong  50-cycle  component  and  a  weak  100-c/cle  component. 
The  induction  signal  is  that  which  would  be  obtained  from  a  conducting 
rflagnetic  material  as  shown  by  the  oscilloscope  picture  of  Figure  25a  and  the 
harmonic  analysis  of  Figure  25b. 

d,  Ferrite  Bod 

A  type  H  Ferramic  rod  gave  a  magnetcabsorption  signal, 
Figure  26a,  which  contained  only  the  fundamental  or  100-cycle  component  as 
shown  by  Figure  26b.  The  induction  signal  of  Figure  26a  showed  that  it  was 
from  a  magnetic  material  by  its  nearly  90°  phase  angle  and  that  the  material 
had  a  low  conductivity  from  the  absence  of  a  third-harmonic  component  at 
150  cps. 

e.  Iron  Core  Choke 

The  magnetoabsorption  signal  from  a  Miller  series  4200 
radiofrequency  choke  coil  was  too  small  to  be  photographed  on  the  oscillo¬ 
scope  and  so  no  Lissajous  figure  is  shown  in  Figure  27a.;  The  harmonic 
analysis  of  the  magnetoabsorption  signal  could  be  measured  as  shown  by 
Figure  27b.  Only  the  100-cycle  fundamental  component  of  the  magneto¬ 
absorption  signal  could  be  measured.  The  induction  signal  from  the  choke 
of  Figure  27a  showed  that  it  came  from  a  magnetic  material,  and  the  small 
third-harmonic  component  indicated  that  it  had  a  very  small  conductivity. 
Thus,  it  had  similar  characteristics  to  the  ferrite  rod  except  at  a  much  lower 
level . 
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OBJECT  LOCATION; _ £11 


VERTICAL  SEW-  Us™ 

_ °-2vPP 


INDUCTION  SIGNAL 


OBJECT  LOCATION* —211 


PHASE  INDICATION 


OBJECT  MICROPHONE  (KNOWLES  ELECTRONIC  MODEL  BE  1530) 

CHARACTERISTIC  myrMaiOMB.  14/32,1  x  7/32"  x  5/32^ - - 

FIGURE  25a 
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FIGURE  25b.  HARMONIC  AMPLITUDES  FOR  A 
KNOWLES  MICROPHONE 


MAG N  E  TO ABSOF  P  T ION  SIGNAL 


OBJECT  LOCATION1 _ iliZill 


PHASE  INDICATION 


OBJECT  FERRITE  ROD 

CHARACTERISTIC  DIMENSIONS1 


FIGURE  26a 
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MAONETOASSO^TION  SIGNAL 


NONE 


09JECT  LOCATION* - -  SHASE  INDICATION 


09JECT  DE3CNIfTIQN«  MILLER  CHOKE  FERRITE  CORE  (4200  SERIES) 

GHANA  C  TEN  ISTIC  DIMENSIONS* _ 


FIGURE  27  a 
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FIGURE  27b.  HARMONIC  AMPLITUDES  FOR 
AN  IRON  CORE  CHOKE 
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f.  Transistorized  Preamplifier 

The  small  audio  amplifier  used  was  constructed  of  standard 
transistors,  resistors  and  condensers.  No  magnetoabsoiption  signal  was 
obtained  as  shown  by  Figures  28a  and  28b.  The  induction  signal  vas  that 
which  would  be  obtained  from  a  magnetic  conductor.  However,  the  signal 
was  too  weak  to  analyze  properly,  and  the  harmonic  amplitude  graph  of 
Figure  28b  shows  only  the  fundamental  50  cycles. 

g.  Mercury  Cell 

The  mercury  battery  used  was  about  1/4  inch  in  diameter 
and  3/16  inch  high.  It  gave  a  very  noisy  magnetoabsorption  signal  as  shown 
by  Figure  29.  It  also  gave  a  very  small  induction  signal  as  shown  also  in 
Figure  29.  Both  of  the  signals  were  too  small  for  a  useful  harmonic  analysis. 
The  magnetoabsorption  signal  showed  a  single  100-cycle  component  and  the 
induction  a  single  50-cycie  component.  The  signals  indicate  that  they  come 
from  a  magnetic  conductor  which  may  be  the  nickel  case. 

h.  Printed-Circuit  Oscillator 

One  of  the  International  Crystal,  27-megacycle,  crystal 
oscillators  gave  a  magnetoabsorption  signal  too  small  to  photograph  and 
display  in  Figure  30a,  The  magnetoabsorption  signal  did  have  a  single  100- 
cycle  component  as  shown  in  Figure  30b.  The  induction  signal  was  quite 
stiong  as  shown  in  Figure  30a,  and  it  had  both  a  fundamental  at  50  cycles  and 
a  third  harmonic  at  150  cycles.  Therefore,  the  detection  head  was  giving 
signals  from  some  magnetic  conductor  on  or  in  some  electronic  component. 
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MAGNETOABSORPTION  SIGNAL 


NONE 


OBJECT  LOCATIONS 


VERTICAL  SEN- 


INDUCTION  SIGNAL 


OBJECT  LOCATION* 


PHASE  INDICATION 


OBJECT  nr«r».»T.nii,  SOLID-STATE  PREAMPLIFIER 

CHARACTERISTIC  DIMENSIOMgs  3/4"  °«  D.‘ _ 

FIGURE  28a 
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FIGURE  28b.  HARMONIC  AMPLITUDES  FOR  A 
TRANSISTORIZER  PREAMPLIFIER 


56 


MAGNETOABSORPTION  SIGNAL 


OBJECT  DESCRIPTION-.  MERCURY  CELL _ 

CHARACTERISTIC  DIMENSIONS*  1/4"  O.D.  x  1/8" 


FIGURE  29 
S7 


MAGNETOABSORPTION  SIGNAL 


NONE 


OBJECT  LOCATION < 


VERTICAL  SEN: 


INDUCTION  SIGNAL 


OBJECT  LOCATION: - & 


PHASE  INDICATION 


OBJECT  ngfiCmPTIOM:  PC  OSCILLATOR 

CHARACTERISTIC  DIMENSIONS:  I"1/Z"  x 


FIGURE  30a 
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3.  Summary  of  Results  on  Discrete  Objects 


The  data  presented  in  Figures  13  through  30  have  indicated  that 
a  combination  of  the  direc*  induction  and  magnetoabsorption  detectors  into 
one  detection  head  will  permit  the  detection  of  discrete  objects  and  the 
identification  of  the  material  from  which  they  are  made.  The  magnetic  con¬ 
ductors  give  a  magnetoabsorption  signal  with  higher  harmonics  and  an 
induction  signal  with  a  large  third-harmonic  component.  Magnetic  noncon¬ 
ductors  give  a  magnetoabsorption  signal  with  few  higher  harmonics  and  an 
induction  signal  with  a  low  or  no  third-harmonic  component.;  In  addition,  all 
magnetic  materials  give  an  induction  signal  nearly  90°  out  of  phase  with  the 
bias  field  reference  signal.  Magnetized  materials,  unless  shielded  from 
radio^requencies,  give  a  magnetoabsorption  signal  which  contains  both  a  50- 
cycle  and  a  100-cycle  signal  as  well  as  harmonics  of  the  100  cycles.  A 
magnet  will  also  give  an  induction  signal  with  the  90°  magnetic  phase  shift, 
but  it  should  also  contain  a  third-harmonic  component.  Nonmagnetic  conductors 
do  not  give  a  magnetoabsorption  signal  but  do  give  an  inductioi  signal  nearly 
in  phase  with  the  magnetic  bias  reference. 

D.  Influence  of  Object  to  Detector  Distance 

In  order  to  obtain  the  greatest  utilization  of  the  magnetoabsorpt  on 
signal  as  a  signature  of  a  material,  the  shape  of  the  signal  should  retain  its 
essential  characteristics  for  large  changes  in  the  object  to  detection  head 
distance.  It  has  been  found  that  this  condition  Is  met  for  two  materials 
whose  distance  was  changed  from  less  than  an  Inch  to  over  2  inches 
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Figure  31  shows  the  magnetoabsr.r^ticn  signals  for  two  distances  from  two 
materials  -  one  of  relatively  low  permeability  and  one  of  high  permeability. 
Figures  31  (a)  and  (b)  show  the  magnetoabsorption  signals  from  iron  at 
11/16  inch  and  at  2  inches.  The  shapes  appear  very  similar  and  have  retained 
all  of  their  essential  characteristics. 

A  similar  indication  is  found  for  the  Conetic  sample  at  11/16  and  2 
inches  as  shown  by  Figures  31  (c)  and  (d).  If  the  harmonic  analyses  of  the 
four  magnetoabsorption  signals  were  made,  they  would  show  &  large  variation 
but  they  would  still  retain  their  essential  characteristics.  That  is,  the 
signals  of  Figures  31  (a)  and  (b)  each  have  a  large  fundamental  amplitude  at 
100  cycles  with  the  higher  harmonics  having  a  low  amplitude.  Similarly, 
the  signals  of  Figures  31  (c)  and  (d)  have  essentially  the  same  harmonic 
character;  that  is,  high  amplitude  fundamental  at  100  cycles  and  a  high 
amplitude  of  higher  harmonics. 
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a.  Magnetoabsorption  Lissajous  for  an  Iron 
sample  at  11/16  Inch. 


bi  Magnetoabsorption  Lissajous  for  an  iron 
sample  at  2  inches. 


c.  Magnetoabtorption  Lissajous  for  a 
conetio  sample  at  li/16  inch. 


i.  Magnetocbeorptlon  Lissajous  for  a 
oonstio  sample  at  2  inches. 


FIGURE  31.  THE  VARIATIONS  OF  THE  MAGNETOABSORPTION 
SIGNAL  WITH  OBJECT  HEIGHT 


III.  DISCUSSION 


A.  Electromagnetic  Studies  on  Magnetic  Void  and  Discrete  Object 

Detection 

A  search  of  the  literature  was  conducted  to  find  a  suitable  electro¬ 
magnetic  model  for  the  magnetoabsorption  mine  detection  scheme.  It  is 
envisioned  that  the  configuration  may  be  represented  by  a  current  carrying 
radiofrequency  coil  laying  parallel  to  a  finitely  conducting  half-space  (the 
earth)  with  electrical  parameters  P2>  e2  an<*  v2‘  Educed  eddy  currents  in 
conducting  half-space  modify  the  magnetic  field  above  the  interface  and  so 
change  the  flux  distribution  around  the  radiofrequency  coil  The  change  in 
flux  distribution  appears  as  an  impedance  change  in  the  radiofrequency  coil 
compared  to  the  free  space  impedance  of  the  coil.  A  buried  mine  may  now  be 
represented  by  a  cylindrical  cavity  with  electri:al  parameters,  e  j  and 
a  j  =  0*  embedded  in  the  conducting  media  laying  coaxially  beneath  the 
radiofrequency  coil.  This  cavity  then  further  alters  the  flux  distribution  and 
decreases  the  effect  of  the  media  on  the  impedance  of  the  radiofrequency 
coil.  The  influence  of  magnetic  bias  coils  may  be  represented  by  a  slowly 
varying  magnetic  bias  field  that  alters  uniformly  the  permeability  of  the 
conducting  half-space.  The  variation  in  permeability  of  the  media  caused 
by  the  bias  field  also  causes  changes  in  the  impedance  of  the  radiofrequency 
coil  and  results  in  a  magnetoabsorption  signal  when  suitably  detected.  From 
*In  genersl,  the  conductivity  of  a  mine  may  be  other  than  zero. 
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the  above  discussion,  it  is  understood  that  the  impedance  change  in  the  radio - 
frequency  coil  caused  by  the  cavity  arises  from  two  sources.  These  sources 
are  identified  as  a  decrease  in  eddy  current  losses  caused  by  the  presence  of 
the  cavity  under  static  bias  field  conditions  and  by  a  decrease  in  the  effective 
permeability  resulting  from  the  presence  of  the  cavity  under  varying  bias 
field  conditions.  Both  will  decrease  the  magnetoaosorption  signal  whenever 
a  cavity  occurs  beneath  the  radiofrequency  coil.  It  is  in  this  manner  that  a 
buried  magnetic  void  is  located. 

The  literature  search  indicated  that  many  have  treated  the  problem 
of  the  impedance  of  a  filamentry  coil  placed  near  a  conducting  sheet  of  half- 
space  [  1  -  5]  .  However,  the  solution  of  the  case  with  the  imbedded  cavity 
was  found  to  have  not  been  treated. 

The  magnetic  vector  potential  for  the  case  with  a  cylindrical  cavity 
can  be  readily  established.  However,  the  numerical  calculations  would  have 
required  involved  computer  methods  and  were  not  attempted.  Changes  in 
impedance  caused  by  the  cavity  and  the  permeability,  for  example,  could 
have  been  determined  by  numerically  comparing  the  cases  with  and  without 
a  cavity.  Had  time  permitted,  such  an  analysis  could  have  yielded  design 
guidance  to  determine  the  influence  of  coil  diameter,  detection  height,  fre¬ 
quency  of  the  driving  current,  and  mine  depth  and  to  determine  whether 
amplitude  or  frequency  demodulation  would  have  been  best.  However,  since 
such  information  was  not  readily  available,  experimental  techniques  were 
used  to  obtain  design  information. 
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A  similar  search  of  the  literature  was  conducted  for  an  electro¬ 


magnetic  model  suitable  to  discrete  object  detection  and  discrimination. 

Two  approaches  are  required,  one  for  the  induction  technique  and  the  other 
for  the  magnetoabsorption  tech^i^ue.  The  induction  method  encountered  ir. 
geophysical  exploration  and  metallic  mine  detection  is  well  described  in 
technical  publications  [6-10].  In  this  method,  an  alternating  magnetic 
field  produced  by  a  transmitter  induces  a  magnetic  dipole  moment  in  metallic 
objects  in  the  field  of  the  detector  head.  The  external  field  of  the  magnetic 
dipole  moment  in  turn  induces  a  small  voltage  in  the  transmitter  coil  or  in 
a  passive  secondary  receiver  coil.  The  phase  of  the  induced  voltage  serves 
as  an  indication  of  the  electrical  properties  of  the  object,  and  the  amplitude 
of  the  induced  signal  serves  as  an  indication  of  the  distance  of  the  object. 

This  induced  voltage  may  be  related  to  a  change  in  impedance  of  the  trans¬ 
mitter  coil  or  a  passive  receiver  coil.  When  a  passive  receiver  coil  is 
employed,  it  is  normally  designed  to  achieve  a  null  condition  to  the  induction 
field  of  the  transmitter  coii.  When  an  object  is  present,  the  field  configura¬ 
tion  is  perturbed,  *nd  a  voltage  in  the  receiver  coil  is  produced.  In  this 
manner,  the  induction  system  can  be  considered  as  a  changing  mutual 
inductance,  caused  by  the  obi**':'.,  between  the  transmitter  and  receiver  coils. 

The  magnetoabsorption  principle  for  ferromagnetic  or  ferrimagnetic 
objects  differs  from  the  induction  principle.  In  this  method,  a  ferromagnetic 
or  ferrimagnetic  object  is  placed  within  the  fields.  (1)  of  a  radiofrequency 
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coil  which  is  the  inductance  of  the  tuned  circuit  for  a  marginal-oscillator, 
and  (2)  of  a  slowly  varying  magnetic  bias  coil.  The  object  will  absorb  energy 
from  the  radiofrequency  field  at  a  rate  twice  that  of  the  frequency  of  the  bias 
field.  Therefore,  these  absorptions  change  both  the  oscillation  amplitude 
and  the  frequency  of  the  marginal-oscillator.  That  is,  the  changes  in  absorp¬ 
tion  are  a  consequence  of  the  changing  magnetic  moment  of  the  object  which 
may  be  regarded  as  a  small  current  loop  whose  impedance  is  a  function  of 
bias  field  intensity  since  its  magnetic  permeability  is  a  function  of  this 
magnetic  bias.  If  the  frequency  of  radiofrequency  field  is  entirely  controlled 
by  the  radiofrequency  coil,  then  not  only  amplitude  modulations  will  occur 
but  frequency  modulations  will  be  present  as  the  objects  equivalent  reactance 
changes  because  the  effective  permeability  of  its  material  changes  as  a 
function  of  the  strength  of  the  bias  field.  The  amplitude  modulation,  called 
the  magnetoabsorption  amplitude  signal,  can  be  stripped  off  by  an  amplitude 
detector.  The  frequency  modulation,  called  the  magnetoabsorption  frequency 
signal,  is  obtained  by  using  a  frequency  discriminator.  In  the  marginal- 
oscillator,  the  frequency  modulation  causes  negligible  amplitude  modulation 
and  vice  versa  because  the  oscillator  is  operating  in  its  most  linear  region. 

The  amplitude  inoculations  and  the  frequency  modulations  are  uniquely 
related  to  the  magnetic  properties  of  the  object.  Objects  having  different 
properties  will  demonstrate  different  magnetoabsorption  waveforms  which 
car.  be  used  as  signatures.  Thus,  these  signatures  can  be  related  to  the  kind 
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of  material  from  which  the  object  is  constructed.  Further,  knowledge  of 
the  kind  of  material  will  help  identify  the  type  of  object. 

Magnetoabsorption,  as  related  to  discrete  object  detection,  exhibits 
different  characteristics  from  the  induction  type  of  detector.  A  similarity 
exists  only  in  the  fact  that  the  same  coils  can  be  used  for  both  methods,  A 
subtle  difference  occurs  in  the  effective  impedance  of  the  object  as  it  is 
influenced  by  the  intensity  of  the  bias  field.  The  reflected  impedance  in  the 
receiver  coil  for  the  induction  case  is  a  function  of  the  conductivity  and  the 
permeability  at  the  frequency  of  the  magnetic  bias  field  or  50  cycles.  For 
magnetoabsorption,  the  impedance  reflected  into  the  radiofrequency  coil 
depends  upon  the  permeability  at  the  radiofrequency  (500  kcs)  and  how  this 
permeability  changes  with  the  magnetic  bias  field.  For  strong  magnetic 
bias  fields  and  conducting  nonmagnetic  materials,  the  permeability  may  be 
regarded  as  constant;  in  which-  case,  the  received  induction  signal  is  composed 
of  the  frequency  of  the  bias  field  with  negligible  harmonics.  For  the  case  of 
magnetic  conductors,  the  induction  signal  will  have  a  much  larger  amount 
of  the  odd  harmonics  of  the  transmitter  frequency.  If  the  object  is 
magnetized,  the  even  harmonics  will  also  exist.  This  would  mean  rhat  50, 

100,  and  150-cycle  components  would  be  present  in  the  induction  signal  in 
varying  amounts,  depending  upon  the  object. 

In  the  magnetoabsorption  detection,  which  depends  upon  both  the 


magnetic  bias  field  and  the  field  of  th<  -adiofrequency  coil,  the  radiofrequency 
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field  is  kept  at  a  low  level  so  that  negligible  harmonics  are  developed  by  the 
influence  of  the  object.  The  magnetic  bias  field  is  made  very  large  so  that 
the  major  portion  of  the  hysteresis  loop  of  the  object  is  traversed  each  cycle. 
Since  this  magnetic  bias  field  causes  a  change  in  the  radiofrequency  perme¬ 
ability  of  the  object,  it  also  causes  a  change  in  its  reflected  impedance  in  the 
radiofrequency  coil.  Since  the  change  in  permeability  is  the  same  for  posi¬ 
tive  magnetic  bias  as  it  is  for  negative  values,  the  permeability  changes  at 
twice  the  frequency  of  the  magnetic  bias  field.  Thus,  thefundan  mtal  fre¬ 
quency  for  the  magnetoabsorption  is  100  cycles  for  a  50-cycle  bias  field. 

Since  the  permeability  change  is  very  nonlinear,  harmonics  at  200,  300,  400, 
500  and  600  cycles  will  be  present  in  varying  amounts,  depending  upon  the 
type  of  material  in  the  object.  Thus,  the  magnetoabsorption  signal  contains 
only  ever,  harmonics  of  the  magnetic  bias  frequency.  An  object  having  a 
straight  line  B/H  curve  (no  hysteresis)  would  have  only  100  cycles  in  its 
magnetoabsorption  signal,  whereas  an  object  having  a  square-loop  configura¬ 
tion  to  its  hysteresis  may  have  the  harmonics  of  a  100 -cycle  square  wave. 

Thus,  the  two  detection  systems,  magnetoabsorption  and  induction, 
can  be  used  together  in  one  detector  to  both  detect  the  presence  and 
describe  the  materials  in  a  hidden  discrete  object.  The  different  signals 
obtained  in  the  two  manners  should  provide  a  means  for  reducing  ambiguity. 
For  the  magnetic-void  detection,  the  buried  object  will  cause  a  decrease  in  the 
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magnetoabsorption  signals  from  the  magnetic  materials  in  the  soil.  This 
decrease  can  be  measured  by  using  the  magnitude  of  one  or  more  of  the 
-.eve,  ^harmonics  of  the  bias  frequency  in  the  magnetoabsorption  signed. 

Therefore,  both  the  magnetoabsorption  system  alone  for  the  detec¬ 
tion  of  magnetic  voids  in  soil  as  well  as  the  combination  of  magnetoabsorp¬ 
tion  and  direct  induction  for  the  detection  of  discrete  objects  can  use  a 
detection  head  which  contains  a  magnetic  bias  coil  driven  at  a  low  frequency 
of  around  50  cycles  and  a  radiofrequency  coil  at  500  kilocycles.  In  both 
cases,  the  direct  induction  at  50  cycles  is  reduced  to  null  in  the  radiofre¬ 
quency  coil  by  shaping  the  coil  in  the  double-D  fashion.  For  both  measure¬ 
ments,  the  radiofrequency  coil  is  made  the  inductance  of  the  tuned  circuit 
of  an  oscillator.  The  magnetoabsorption  signal  is  an  amplitude  or  a  fre¬ 
quency  modulation  of  the  voltage  across  the  coil.  The  direct-induction 
signal  is  a  50-cycle  signal  added  directly  to  the  voltage  in  the  coil.  There¬ 
fore,  the  two  signals  can  be  separated  by  filters  and  detected.  The  magneto¬ 
absorption  amplitude  signal  is  selectedby  a  high-pas  s.filter  and  obtained  by 

V  ’  -  i 

means  of  an  amplitude  detector.  The  magnetqabsorption  frequency  signal  is 

,  »  '  ( 

obtained  by  means  o£  a  frequency  discriminator.  Since  each  should  contain 
nearly  the  same  information,.  only  the  amplitude  signal  has  been  used.  The 
direct- induction  signal  is  selected  through  a  low-pass  filter  and  requires  no 
further  processing.  The  following  paragraphs  will  describe  the  components 
developed  to  produce  'the  equipment  required  to  simultaneously  measure 
these  two  signals. 
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B.  Detection  Head  Assembly  . 

The; detection  head  consists  of  two  parts: 

o  l  ■ 

(1)  The  bias  field  coil  which  produce^  a  strong  magnetic  field  to 
modulate  the  permeability  of  the  soil  or  the  discrete  object. 

(2)  The  radiofrequency  coil  which  produces  a  radiofrequency  field 
from  which  energy  is  absorbed-aha  rate  twice  the  frequency  of 
the  bias  field  and.  which  causes  a  modulation  of  the  frequency 
if  the  radiofrequency  coil  is  the  frequency  controlling  element 
of  a  marginal-oscillator.. 

In  the  consideration  of  the  proper  probe  geometry,  the  following 


design  considerations-  were  made: 


(I)  The  Radius  of  both  coils  should  be,  comparable  to  the  depth  of 
the  buried  object,  and  its  area  should  be  comparable  to  its 
cross -sectipnal  area  l .  A$  derived  from  considerations  of  Biot 
Sav^rt's  law.  the  field*  of  . a  current  loop  is  expressed  as 


H(z).  = 


NIa2 


V  V 


2(z2+ai.2),3/2 


/ 


along  the  axis of  the  loop  >yhere  a  is  its  radius  and  z  is  the 
distance  along  the  axis..  From  this  expression,  it  is  under¬ 
stood  that  the  field  intensity  falls  off  as  l/z^  and  is  inversely 
proportional  to  a  at  the  center.  From  the  nature  of  the  formula, 
it  is  further  understood  that  the  field  varies  rather  slowly  until 
Z' approaches  a.  Thus,  if  the  object  is  to  present  a  large  filling 
factor  to  the  probe,  it  , is  important  that  the  object  be  within  a 
'  distance  equal  to  the  radius  of  the  coil. 

(?;).  Since  the  radiofrequency  detector  coil  will  be  placed  directly  in 
the  magnetic  field  of  a  bias  coil,  the  geometry  of  the  radio¬ 
frequency  coil  must  be  such  as  to  eliminate  the  induction  from 

o 

*The  validity  of  this  expression  at  the  frequencies  of  interest-  is  supported  by 
experiment  and  by  the  fact  that  the  period  of  the  operating  frequencies  is 
much  less  than  the  propagation  tithe  in  the  region  of  greatest  influence. 
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the  bias  field  directly  into  the  radiofrequency  detection  coil 
since  large  bias  field  voltages  in  the  detector  would  greatly 
reduce  the  sensitivity  level  of  the-  detection  system.  Further, 
for  experimental  flexibility,  provisions  for  cancellation  adjust¬ 
ments  should  be  made  since  the  bias  field  is  not  uniform  over 
the  entire  area  of  the  radiofrequency  coil. 

(3)  The  radiofrequency  coil  should  be  designed  to  provide  shielding 
from  outside  radiofrequency  sources  without  degrading  the 
sensitivity  of  the  magnetoabsorption  detection  which  is  propor¬ 
tional  to  Q. 

(4)  To, avoid: microphonics,  the  shielding,  windings,  and  supports 
for  the  coil  should  be  .rigidly  constructed. 

The  field  of  the  bias  coil,  which  modulates  the  permeability  of  the 

O 

soil,  was  designed  to  serve  as  the  maid  structural  member  of  the  detector 

'"S 

head’ assembly-  The  Eucite  coil  form,  designed  to  accept  176  turns  of 
#16  AWG  Formvar -clad  copper  wire,  is  shown  in  Figure  32.  The  form  has 
a  radius  of  6. 5  inches  which  is  comparable  to  the  anticipated  object.s  6- inch 
depth.  The  windings  were  packed  tightly  on  the  bobbin  to  avoid  vibrations 
resulting  from  Lorentz-type  forces  between  current  carrying  conductors. 

The  outer  windings  were  impregnated  with  epoxy  cement  and  a  fiber  glass 
cover  was  applied  to  reinforce  the  Lu cite  form,  to  seal  the  coil,  and  to  assure 
additional  winding  rigidity..  The  designed  and  measured  characteristics  of 
the  magnetic  bias  field  coil  are  shown  in.  Table  I. 

The  radiofrequency  coil  was  designed  to  fit  concentrically  within  the 
bias  field  coil*  The  direct  induction  into  the  radiofrequency  coil  from  the 
bias  field  is  cancelled  by  a  mutual -aiding  idouble-D  coil  geometry.  Early  in 
the  work,  he  necessity  of  precise  geometries  and  adjustment  techniques  for 
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FIGURE  32.  MAGNETIC  BIAS- FIELD  COIL  FORM 


TABLE  I.  MAGNETIC  BIAS  COIL  CHARACTERISTICS 


Parameter 

•  i 

Predicted 

Measured 

DC  resistance 

2.58 

2.38 

A 

Inductance 

Gauss /ampere 

attho  center  of  tha  eoil 

U 

16.78  mh 

6 

18.5  inh- 

$ 

6 

«# 
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improved  cancellation  became  evident.  Consequently*  the  radiofrequency 

'  •  c  ^  " 

coil  bobbin  was.  designed  to  form  a  platforrh  having  3  degrees  of  freedom 

*  1  i  t 

corresponding  to  the  distance  and  the  tw.o  angles  of  a  spherical  coordinate 

C 

system  within  jan  assembly  supported.by  the  bias  coil.  Measurements  demon- 

*>  ^  " 

strated  that,  by  this  technique,  the'  voltage  in  the  radiofrequency  coil  from  the 

ll  '  ;  „  Vv  '  ’  : 

magnetic  bias  coil'*atr50:  cycles,  can  be  reduced  to  a  value  below  1  microvolt 

with  a  bias  field  intensity  o£.24  gauss. 

!  '  ,.r  ■ 

The  first  radiofrequency,  coil  constructed  and,  tested  is  shown  in 
Figure  33..  ,Th,ell- 1/2 -inch  diameter  cojLl  form  was  threaded  to  separate 
the  windings  thereby  reducing, interwinding  capacitance.  The  electrical 
properties  of  the  radiofrequency  coil  are  listed  in  Table  II,  and- Figure  34 
gives  the  graph  of  the  quality  factor*  of  the  coil  as  a  function  of  frequency. 
The  Q  wds  measured  with  a  Boonton,  Model  260 -A,  Q  meter.  A  shield  of 

copper-clad  flexible  laminate  was  prepared  for  the  coil.  The  shield  was  split 

"  \ 

’  — •  -  *•» 

TABLE  II.  ELECTRICAL  PROPERTIES  OF  THE 
,  11-1/2  -INCH  RADIOFREQUENCY  COIL 


Type  of  wire 

- 

#30  AWG -enamel 

Turns  per  inch 

= 

52 

Number  of  turns  per  ’’D" 

24 

ft 

Inductance 

*  »  -it 

1, 16  mh 

Q  at  500  kilocycles 

*“  ,3 

85  {v/ithout  shield) 

ha  quality  factor,  Q,  of  an  inductor  is  defined  as  Q  =  «L/RC 
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at  the  transposition,  and  at  the  cuter  edge  of  the  double -D  to  prevent  the  effects 

'W  "  v.-' 

of  eddy  currents  from  either  the  bias  or  radiofrequency  fields.  The  -shielded 
radiofrequency  coil  mounted  within  the  bias  coil  is  shown  in  Figure  35. 

c  .  -J. 

To- determine  the  variations  with  distance  of  the  radiofrequency  field 
from  th-  coil  shown  ih  Figure  35,  relative  field  measurements  were  performed 

with  a  small  search  coil  at  the  surface  of  the  coil  form  and  2.  inches  from  the 

'  ’  .  ‘  o  *  *  '  ■ 

mean.  center  of  tibie  windings/  The  relative  intensities  of  the  vertical  and 

Cj  *  * 

o  O  A 

horizontal  components  along  a  diameter  perpendicular  to  the  center  conductors 
are  shown  in  Figure  36.  The  solid;  curves  were  obtained  with  the  shield  on 
the  coil;  When  the  shield  was  removed,  the  dashed-line  curves  were  obtained. 

At  a  distance  of  2  inches,  there  was  less  change  in  the  field  caused  by  the 

,  *  '  \\ 
r  l*. 

shield  than  close  on  the  coil.  Further  away  from  the  coil,  the  field  distri¬ 
bution  becomes,  more  like  that;  of  two  identical  isolated  loops,  except  for  the 
increase  in  the  horizontal  component  at  the  center.  If  it  were  assumed  that 
the  double -D  were  composed,  of  two  identical  loops,  then*  from  a  comparison 

v  • 

/  <' 

of  the  relative  vertical  amplitudes  at  the  center  of  each  D  shaped  coil,  it  is 

’  „  *  >' 

f 

estimated  that  each  coil  has  an  effective  loop  radius  of  3  inches.  This  esti- 

<  ✓ 

mate  appears  to  be  a  reasonable  value  when  the  actual  geometry  is  considered. 

Since  the  field  measurement  of  the  bias  coil  indicated  that  the  shielding 
was  severely  influencing  the  field  distribution  at  the  coil  surface  and  since  the 
shielding  capacitance  adversely  affects  the  quality  and  performance  of  the  coil, 

’i 

a  second  radiofrequency  coil  was  designed,  constructed,  and  tested.  The 
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FIGURE  35.  A  DEMONSTRATION  MODEL  MINE  DETECTOR 
HEAD  WITH  MOUNTING  BRACKET 


FIGURE.  36.  THE  RELATIVE  FIELD  VARIATION  OF 
HORIZONTAL  AND  VERTICAL  COMPONENTS 
AT  AND  ABOVE  11 -1/2 -INCH 
,,  DOUBLE -D  COIL 
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design  required  fee  use  of  closely  wound  large  diameter  litz  wire,  and  the 

c 

design  drawings  of  the  coil  form  are  shown  in  Figure  37.  The  electrical 
parameters  are  listed  in  Table  III, .and  variations  of  Q  with  frequency  are 

shown  in  the  graph  of  Figure  38.  In  laboratory  experiments,  this  coil  has 

\ 

shown  superior  performance. io  the  first  .coil.  The  ircoroved  performance  is 
attributable  first  of  all  to  the  fact  that  the  larger  self-mutual  between  turns 

'  c  ^ 

increases  its  sensitivity  to  induction  variations.  Secondly,  the  coil  form 

pivotal  point  was  placed  so  that  the  winding  lay  closer  to  the  soil.  Lastly, 

>  >  -/  ' 

the  winding  is  recesse/l  from  the  outer  diameter,  and  the  internal  core  for 

t 

material  was : removed  to  allow  complete  shielding  without  excessive  shunt 

*  »’ 

'  •? 

capacitance.  It  should  be  noted  that  radiofrequency  leakage  to  the  shield 
causes  a  loss  of  signal  since  these  currents  bypass  the  resonating  capacitor 

,  _  1  1  r 

and  are  not  applied  to  the  detector.  Several  shielding  schemes  have  been 

,  ,  '  »  ' 

1  ‘  »  ,  • 

examined  with  this  coil.  The  most  successful  of  these  shield  configurations 

1 '  '  " 

t 

is  shown  in  Fighre  39.  -A  "sunburst"  array  etched  from  flexible  copper-clad 
laminate  is  securely  bonded  to  the  interior  Of  the  top  and  bottom  cover  piates. 

TABLE  III.  ELECTRICAL  CHARACTERISTICS  OF  THE 
10-5/8-INCH  RADIOFlCEQUENCY  COIL 


c  “ 

,Number  of  turns  per  "D"  19 

Type  of  wire  20  -  #44  litz 

Inductance  0.6  mh 

Self-re  sonant  frequency  4.1  me 

Q  ait  600  keps  92 


I 
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The  legs  of  the  top  array  are  extended  along  the  inner  surface  of  the  bias 
coil  to  mate  with  the  array  at  the  bottom.  With  such  a  design,  closure  of  the 
eddy  current  paths  from  either  the  Ijias  coil  field  or  the  radiofrequency  coil 
is  prevented.  Therefore,  shield  reaction  to  either  coil  is  minimized.  A 
single  ground  point  for  the  shield  occurs  at  the  entrance  of  the  radiofrequency 
cable  to  the  detector  head.  It  was  important  that  the  shield  be  bonded  tightly 
to  avoid  microphonic  action  between  shield  and  radiofrequency  detector. 

C.  Marginal  Oscillators 

There  are  a  number  of  methods  whereby  impedance  changes  can  be 

m  *  .  Cr 

detected  in  the  radiofrequency  coil  caused  by  permeability  changes  in  the 
soil  or  buried  object  induced  by  the  magnetic  bias  field.  Perhaps  the  simplest 

*  *  'V  '  '  *  • 

is  a  circuit  described  by  Rollins  [11] ,  wherein  a  tuned  circuit  of  which  the 

,  '■  ^  t 

o  * 

sample  coil  is  the  inductive  element  is  driven  at  its  natural  frequency  by  a 
constant  .source.  It  is  easily  shpwn  in  this  case  that  the  impedance  change 
of  the  sarriple^coil  ie  given  by 

i  ,  *  *  v' 

AZ.  ( AR  +  jwAL]  (1) 

for  a-change  AR  +  jwAL  in  the  coil.  Each  symbol  is  defined  in  Figure  40. 


'  FIGURE  40.  THE  ROLLINS’  CIRCUIT  FOR 
MAGNETOABSORPTION  DETECTION 
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From  Eq  (1),  it  is  understood  that  sensitivity  to  AR  and  AL  changes  are 
dependent  directly  upon  the  quality  factor,  O  -  wL/R,  of  the  sample  coil. 

This  arrangement  is,  in  principle,  simple,  but  it  suffers  from  several  dis¬ 
advantages  which  limit  its  use.  In  particular,  the  quality  of  a  coil  is  physical¬ 
ly  limited  and  consequently  limits  the  sensitivity.  Secondly,  it  is  hignly 
inconvenient  to  obtain  accurate  tracking  of  the  frequency  of  an  oscillator  with 
the  resonant  frequency  of  the  detection  coil.  Thirdly,  it  is  highly  susceptible 
to  microphonics  such  as  changes  in  cable  capacitance.  Further,  it  can  be 
shown  that  mistuning  only  enhances  the  effects  of  microphonics  [12]  . 

An  alternative,  not  having  these  disadvantages,  is  the  marginal- 
oscillator*.  It  can  be  shown  that  the  marginal-oscillator  is  approximately 
1/5  as  sensitive  to  microphonics.  The  sensitivity  to  impedance  changes  is 
not  as  severely  limited  by  the  quality  of  the  coil  since  the  regenerative  cir¬ 
cuit  has  a  Q  multiplying  effect  at  low  oscillation  levels  [13]  .  Further,  the 
& 

marginal-oscillator  is  more  convenient  to  use  since  the  oscillator  frequency 
and  the  detector  frequency  are  determined  by  the  same  resonant  circuit,  and 
no  tracking  is  needed. 

Among  the  many  types  of  marginal-oscillators,  the  Robinson,  Colpits, 
and  Pound-Knight-Watkins(PKW)  types  are  the  common  types.  The  Robinson 

*A  marginal-oscillator  is  a  generic  term  used  to  describe  any  oscillator 
which  'S  maintained  at  a  very  low  oscillation  level  where  it  is  operating 
in  its  Class  A  oi  linear  region  and  where  it  has  great  sensitivity  to  AR  a*>d  AL. 


i 


Hi 


type  [12]  consists  of  an  amplifier  followed  by  a  limiter.  The  limiter  serves 
to  stabilize  the  amplitude  of  the  oscillator  and  to  reduce  the  effects  of  noise 
through  a  reduction  of  the  noise  figure  for  the  oscillator  amplifier.  The 
Colpitts  [14],  on  the  other  hand,  is  a  commonly  employed  oscillator  of  the 
series  resonant  type  and  requires  little  further  description.  The  PKW  type 
is  composed  of  a  buffer  stage  and  noninverting  amplifier  [13]  .  For  the  most 
part,  marginal-oscillators  employed  in  earlier  magnetoabsorption  measure¬ 
ment  and  those  reported  in  literature  have  been  vacuum-tube  models.  Early 
attempts  with  vacuum-tube  and  simple  solid-state  marginal-oscillators 
indicated  the  difficulty  and  the  complexity  of  their  use  in  extracting  magneto - 
absorption  signals  from  soil  where  the  concentration  of  magnetic  material  is 
very  small,  and  the  filling  factors  for  flat  coils  are  also  small.  Measurements 
indicated  that  typical  signal  amplitudes  would  range  from  the  few  miciovolts 
to  a  maximum  of  100  microvolts  of  modulation  on  the  radiofrequency  voltage. 
With  respect  to  the  radiofrequency  amplitudes,  these  signal  amplitudes 
represent  modulations  of  one  part  in  10^  to  one  part  in  10^.  Consequently, 
solid-state  design  techniques  suitable  for  low  noise,  high  sensitivity  marginal- 
oscillators  had  to  be  investigated  since  no  satisfactory  solid-state  marginal - 
oscillators  were  described  in  the  literature.  The  following  requirements 
were  specified: 

(1)  Amplitude  stabilization  without  external  circuits 

(2)  Freedom  from  microphonics 

(3)  High  sensitivity 

(4)  High  signal/noise  ratio 

(5)  Low  power  consumption 

(6)  Small  volume  and  weight 


Since  among  the  vacuum-tube  types  the  Robinson  exhibits  some 
superior  qualities,  the  investigation  was  confined  to  circuital  applications 
appropriate  to  the  Robinson  concept.  Since  amplitude  limiting  by  solid-state 
techniques  is  not  well  established  at  high  frequencies,  a  short  literature 
search  on  this  subject  was  conducted.  The  search  revealed  two  types  with 
desirable  characteristics.  One  employed  unconventional  circuitry  to  prevent 
undesirable  shifts  in  operating  points  with  changes  in  level  [15]  .  The  other 
employed  “liener  diodes  whose  frequency  range  was  extended  by  adding  shunt 
capacitors  and  series  diodes. 

In  early  efforts,  the  Robinson  type  of  marginal-oscillator  with  solid- 
state  design  shown  in  Figure  41  was  constructed  and  tested.  A  low  noise, 
high  frequency  transistor  type  2N3694  was  employed  for  the  input  buffer-driver 
stage.  The  output  of  the  buffer  drives  a  step  down  autotransformer  which  in 
turn  drives  the  limiter.  The  limiter  is  composed  of  a  pair  of  switching 
transistors  which  are  dc  couple^  in  such  a  manner  as  to  prevent  undesirable 
shifts  in  operating  points.  The  first  stage  of  the  limiter  switches  between 
cutoff  and  saturation,  while  the  tuned  circuit  of  the  second  state  restores  the 
sinusoidal  waveform.  The  output  of  the  tuned  circuit  was  fed  back  through 
RFb  the  sample  coil.  The  output  amplitude  of  the  limiter  was  controlled 
by  adjusting  the  collector  supply  voltage  for  the  limiter  stages.  Although 
magnetoabsorption  signals  with  a  peak-to-peak  amplitude  as  large  as  150milh- 
volts  were  obtained  from  ferromagnetic  wires,  none  were  observable  from  soil. 
The  unsatisfactory  features  in  this  design  are  the  large  number  of  inductive 
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FIGURE  42.  SOLID  -STATE  ROB  'ISON  TYPE  MARGINAL 
OSCILLATOR  EMPLOYING  A  LIMITEP 


elements  in  the  circuit  and  the  low  input  impedance  of  the  amplifier  Q, .  The 
inductive  elements  are  sources  of  unwanted  radiofrequency  leakage  and  pickup. 
They  can  also  cause  undesirable  oscillating  frequencies  to  occur,,  The  low  in- 

A  * 

put  impedance  decreases  the  quality  factor  of  the  sample  coil,  which  reduces 

„  >  ' 

sensitivity  directly  in  proportion  to  the  reduction  in  Q. 

r  . 

Another  Robinson  type  marginal-oscillator  employing  solid-state 
components  was  designed  to  eliminate  both  unsatisfactory  conditions.  The 
circuital  configuration  is  shown  in  Figure  42.  The  oscillator  consists  of  a 
sample  coil,  high-pass  filter,  amplifier,  limiter,  and  feedback.  The  low  input 
impedance  problem  inherent  in  bipolar  transistor  amplifiers  was  overcome  by 
the  use  of  a  capacitor  impedance  matching  arrangement,  composed  of  the 
three  capacitors  across  the  coil,  from  the  high  impedance  of  the  resonant 

4* 

circuit  to  the  low  impedance  of  the  amplifier.  The  amplifier  is  based  on  a 
complementary  transistor  design  for  improved  temperature  stability  with  a 
broadband  frequency  response.  The  limiter  employs  Zener  diodes  whose 
frequency  response  has  been  extended  by  adding  series  diodes  and  shunt 
capacitors. 

The  internal  stabilization  of  the  amplitude  is  achieved  by  the  action  of 
the  limiter.  As  an  example,  assume  that  the  radiofrequency  amplitude  at  the 
input  to  the  limiter  changes  by  amount  AV^.^  due  to  a  change  in  amplifier  gain 
AA,  i. e.  , 


AV..  =  (AA)  V 
lim  '  ri 


where  Vr£  i»  the  amplifier  input.  The  amplitude  of  the  first  harmonic  of  the 
radiofrequency  (not  a  magnetoabsorption  signal  harmonic)  at  the  limiter  out¬ 
put  will  he  entirely  pendent  upon  the  limiting  level  if  the  level  is  better 
than  one -half  of  the  peak  radiofrequency  amplitude  limiter  input.  Under  this 
condition,  the  radiofrequency  amplitude  across  the  sample  coil  will  not 

i 

change  as  demonstrated  by  the  graph  of  Figure  43.  It  is  evident  from  this 
graph  that  the  output  voltage  is  independent  of  the  input  when  the  input  exceeds 
the  clipping  amplitude  by  a  factor  of  2.  Consequently,  for  good  amplitude 

;  i 

stabilisation,  the  clipping  level  should  be  less  than  one-half  of  the  desired 
level. 


FIGURE  43.  FIRST  HARMONIC  OUTPUT  AS  A 
FUNCTION  OF  INPUT  FOR  A  LIMITER 

Freedom  from  noise  and  microphonics  has  been  achieved  by  a  number 

of  design  feature?.  >  First,  aa< demonstrated  in  Robinson’s  paper,  noise  figure 

$ 

enhancement  results  from  limiter  action.  Secondly,  since  marginal -oscillators 
have  only  one  frequency  to  control,  spurious  signals  (microphonics) 
resulting  from  capacitance  changes  are  reduced  over  that  of  the  Rollins 
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circuit  wherein  two  frequency  conlrol  elements  exist.  Microphonics,  often 
a  troublesome  factor  xn  vacuum  tubes,  have  been  reduced  further  by  the  use 


oi  transistors. 

High  sensitivity'  is  achieved  by  selecting  a  high  quality  sample  coil 
and  by  assuring  that  shunt  loading  of  the  sample  coil  by  the  feedback  and 
amplifier  input  impedances  lias'  lxeen  avoided.  The  high-pass  filter  across  the 
sampile  coil  is  an  additional'  feature  required  to  retain  a  high  sensitivity  for 

0  ’  4;  £  *  T I  C» f  £  Soil-  ft  -(  ,  ‘‘ 

magnetoabsorption  detection  while  reducing  the  effect  of  direct  induction 
signals  resulting  trom  ihhdmogeneifies  in  the  soil  and  residual  unbalance  in 
the  radiofrequency  coil.  The  filter  excludes  the  low  frequency  induction  * 


signals  from  the  oscillator  where  they  would  amplitude  modulate  the  oscillator 
and  produce  false  magnetoabsorption -like  signals. 
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When  the  amplitude  modulation  in  a  marginal-oscillator  circuit  is 
small,  experience  has  shown  that  detection  at  the  sample  coil  results  in 
better  S/N  ratios  than  attempts  to  detect  the  signal  from  a  point  within  the 
marginal-oscillator  amplifier  sections  when  solid-state  circuits  are  used. 

This  is  because  the  solid-state  circuits  are  nonlinear  at  the  high  levels 
required  to  drive  the  limiter,  and  the  magnitude  of  the  modulation  can  be 


greatly  reduced  or  eliminated  entirely  in  the  amplifier. 

An  FlST*  analog  of  the  vacuum-tube  infinite -impedance  detector  was 
employed  to  amplitude  demodulate  the  signal  at  the  sample  coil  because  of  its 


$FET  -  Field  effect  transistor 


high. input  iqapjfscUuace.And  linearity.  The  impedance  of  such  a  device  is 
sufficiently  high  to  prevent  loading  of  the  sample  coil  with  subsequent  loss  in 
sensitivity.  The  point  at  which  the  detector  is  connected  is  shown  as  the 
MAGNETOABSORPTION  OUTPUT  in  the  schematic  of  Figure  42.  In  addition, 
an  output  for  frequency  demodulation  is  shown  as  the  MAGNETOABSORPTION 
FREQUENCY  SIGNAL  OUTPUT  also  in  Figure  42. 

The  success  of  this  ma^gina'-oscillator  together  with  detector  and 
detection-head,  assembly  was  demonstrated  by  the  superior  sensitivity  and 
signal-to-noise  ratio  over  other  solid-state  and  vacuum-tube  marginal - 

oscillators  examined  in  these  efforts.  Signal/noise  ratios  of  2/1  to  10/1  are 
readily  obtained. 

D .  Equipment  for  the  Magnetic -Void  Detection  in  Soils 

The  various  components  that  were  contemplated  for  the  use  of 
magnetoabsorption  signals  for  the  detection  of  magnetic  voids  are  shown  in 
Figure  44.  The  system  is  based  on  a  coherent  detection  scheme  wherein 
the  frequency  of  the  magnetic  bias  field  is  locked  to  the  center  frequency  of  tbe 
selective  amplifier,  and  an  amplitude -sensitive  phase  detector  provides  a  dc 
voltage  directly  proportional  to  the  fundamental  of  the  magnetoabsorption 
signal  in  the  radiofrequency  detection  coil.  In  such  a  coherent  system, 
extraneous  signals  of  different  frequer._y  or  phase  from  the  desired  signal 
are  suppressed  by  the  selective  amplifier  and  'he  amplitude -sensitive  phase 
detector.  Tbe  operation  and  design  of  the  system  is  described  in  the  following 


manner; 
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FIGURE  44.  BLOCK  DIAGRAM  OF  THE'  MAGNETOABSORPTION 
MAGNETIC- VOID  DETECTOR 


The  radiofrequency  voltage  at  the  detector  coil  is  both  amplitude 
.  ~  afid  frequency  modulated  at  a  frequency  which  is  twice  that  of 

•  the  magnetic  bias  field  whenever  magnetoabsorption  occurs 
beneath  the  detector  assembly.  The  m'.rginal-oscillator  serves 
both  a 8  the  source  of  the  radiofrequency  field  and  as  the  mag¬ 
netoabsorption  detector.  The  radiofrequency  voltage  which  is 
modulated  by  the  magnetoabsorption  signal  is  then  either 
amplitude  or  frequency  demodulated.  A  selective  amplifier, 
tuned  to  the  harmonic  of  the  magnetoabsorption  signal  most 
sensitive  to  the  presence  of  a  buried  magnetic  void,  provides 
the  signal  source  for  an  amplitude -sensitive  phase  detector. 

The  reference  signal  for  the  phase  detector  is  the  appropriate 
multiple  of  the  bias  field  frequency  derived  directly  from  the 
same  generator  which  produced  the  magnetic  bias  field.  When 
the  phase  and  frequency  of  the  reference  is  adjusted  to  that  of 
the  selected  harmonic,  the  output  is  directly  proportional  to 
'■  the  amplitude  of  the  selected  harmonic.  To  assure  that  a  fre¬ 
quency  drift  problem  is  avoided  in  the  system,  a  frequency 
control  loop  operates  from  an  error  curve  derived  from  the 
phase  characteristic  of  the  select  e  amplifier  and  keeps  the 
frequency  of  the  bias  field  oscillator  at  the  peak  of  the  selective 
amplifier. 

The  magnetic  void  detection  studies  were  performed  with  a  system 
similar  to  chat  of  Figure  44  except  that  the  frequency  locking  loop  was  not 
employed,  and  tuning  was  accomplished  by  hand.  A  commercial  oscillator 
had  sufficient  frequency  stability  so  that  mistuning  was  seldom  a  problem. 

A  simple  retuning  of  the  selective  amplifier  or  a  resetting  of  the  oscillator 
frequency  was  sufficient  for  the  .aboratory  tests. 

E.  Equipment  for  Discrete  Object  Detection  and  Identification 

The  basic  diagram  of  the  discrete  object  detector,  which  is  a  combin¬ 
ation  of  the  magnetoabsorption  detector  and  the  induction  detector,  is  shown 
in  Figure  45.  It  is  a  combination  of  two  detectors  with  a  common  detection 
head.  The  b-lanced  feature  of  the  radiofi'equency  coil  to  the  bias  field  permits 
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FIGURE  45.  BASIC  BLOCK  DIAGRAM  OF  THE  HIDDEN  OBJECT 
DETECTOR  COMPOSED  OF  A  MA.GNETOABSORPTION 
AND  AN  INDUCTION  DETECTOR 


the  same  coil  geometry  for  the  magr.etoab sorption  method  to  be  employed  for 
induction  method.*  ^ith  no  object  ip  the  vicinity  of  the  detection  head,  there 
is  no  magnetoabsorpticn  signal  and,  because  the  double -D  coil  is  balanced, 

t 

there  is  no  induction  signal  directly  from  the  magnetic  bias  coil  to  the  double -D 
coil.  When  there  is  a  ferromagnetic  conductor  in  the  field  of  the  radiofre¬ 
quency  coil,  there  will  be  both  a  magnetoabf  orption  signal  and  an  induction 
signal  in  the  radiofrequency  double -D  coil  at  point  A  in  Figure  45.  The  raduv- 
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frequency  coil  is  the  tuned  circuit  of  a  radiofrequency  oscillator.  The  total 
oscillator  is  composed  of  the  tuned  circuit,  the  high-pass  filter,  the  amplifier- 
limiter,  and  the  feedback  network.  The  magnetoabsorption  signal  appears 
as  a  modulation  of  the  radiofrequency  voltage  at  point  A.  The  induction  signal 
also  is  at  point  A  as  a  50 -cycle  sine  wave  in  addition  to  the  radiofrequency 
voltage  modulated  by  the  magnetoabsorption.  Therefore,  the  high-pass  filter 
will  pass  the  magnetoabsorption  signal  modulated  on  the  radiofrequency  carrier 
and  reject  the  induction  signal  by  five  orders  of  magnitude.  Conversely,  the 
low-pass  filter  will  pass  the  induction  signal  and  reject  the  magnetoabsorption 
signal  by  several  orders  of  magnitude.  Thus,  the  two  signals  are  separated  by 
filters.  The  magnetoabsorption  signal  itself  is  obtained  by  means  of  the 
amplitude  detector.  The  induction  signal  requires  no  more  processing  beyond 
the  filter  except  amplification. 

Each  signal,  magnetoabsoi’ption  and  induction,  has  more  than  their 
fundamental  frequency  alone  as  discussed  earlier.  Each  is  a  complex 
waveform  composed  of  harmonics  of  the  fundamental.  Each  of  the  harmonics 
bears  some  amplitude  and  phase  relationship  relative  to  the  fundamental. 


Thus,  the  amplitude  ani  phase  of  the  harmonics  of  each  signal,  magneto  - 
absorption  and  induction,  are  of  importance  in  the  identification  of  objects . 
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It  is  of  additional  importance  that  the  fundamental  for  the  magnetoabsorption 
signal  is  twice  the  frequency  in  tne  magnetic  bias  coil  or  100  cycles,  while 
the  fundamental  for  the  induction  signal  is  50  cycles.  Therefore,  it  is  possible 
to  have  the  outputs  shown  in  figure  46  to  use  for  the  identification  of  objects. 
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FIGURE  46.  SCHEMATIC  REPRESENTATION  OF  THE  OUTPUTS 
AVAILABLE  FOR  OBTAINING  A  FINGERPRINT  OR 
IDENTIFYING  SIGNAL  FOR  HIDDEN  OBJECTS 
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F.  •  Equipment  Development 

The  first  successful  magnetoabsorption  signals  from  soils  were 
obtained  with  vacuum-tube  circuits.  For  this  portable  application,  solid- 
state  components  were  designed  to  replace  these  vacuum-tube  devices. 

To  a  large  extent,  the.  components  are  adaptable  for  either  ihe  magnetic -void 
or  the  discrete  object  detection  systems.  The  equipment  was  constructed  to 
give  the  three  signal  channels  and  one  reference  channel  listed  in  Table  IV. 


TABLE  IV.;  EQUIPMENT  BY  CHANNELS 


Magnetoabsorption  Amplitude  Signal 

Direct«Induction  Signal  Channel 

Channel  '■  J . 

\ 

(a)  Infinite  Impedance  Detector 

(a)  Low -Pass  Filter  and 

Amplifier 

(b)  Selective  Amplifier 

(b)  Amplitude -Sensitive 

(c)  Combination  Narrow  or 

Phase  Detector 

Broadband -Amplifier . 

(d)  Amplitude -Sensitive  Phase 

Magnetoabsorption  Frequency 
Signal  Channel 

Detector 

(a)  Frequency  Disciminator 

Reference  Channel 

(a)  Frequency  Doubler 

(b)  Combination  Narrow  or 
Broadband  Amplifier 

(b)  Phase  Shifter  with  Buffer 

(c)  Selective  Amplifier 

' 

(d)  Amplitude  -Sensitive 

Phase  Detector 

Where  a  component  occurs  in  more  than  one  channel,  only  a  single  device 
was  constructed  to  serve  in  any  of  the  channels.  Each  component  was 
mounted  on  its  own  chassis  to  facilitate  testing  and  channel  interchangeability. 
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A  discussion  of  the  components  constructed  for  the  signal  channels  and  the 
reference  channel  are  briefly  described  in  the  following  sections. 

1.  Signal.  .Channel  Equipment 

a.  :  Detector  -  Amplifier 

Since  the  Amplitude  modulations  can  be  exceedingly  small, 
that  is  10"£  to  10“6  of  the  .radiofrequency  voltage,  not  only  the  amplifiers 
used  but  also  the  detection  system  must  have  good  signal/noise  characteristics 
and  linearity.  The  broadband,  noise  characteristics  of  the  untuned  amplifier 
sections  of  the  marginal-oscillator  gave  a  noise  level  which  obscured  the 
small  amplitude  modulations.  The  limiting  action  of  this  amplifier  also 
reduced  the  modulation  and  thereby  decreased  the  signal/noise  ratic. 

Detection  directly  from  the  sample  coil  with  an  "infinite”  impedance  detector 
was  found  to  yjeld  better  signal/noise  ratios-and.better  linearity.  The  output  of  the 
detector  is  amplified  by  a  system  which  has  a  choice  of  narrow  or  broadband 
operations.  The  schematic  for  the  amplitude  detector  and  amplifier  is  shown 
in  Figure  47. 

b.  Combination  Narrow  or  Wideband  Amplifier 

To  monitor  the  magnetoabsorption  signal  with  an  oscillo¬ 
scope  in  a  broader  bandwidth,  a  high  gain  amplifier  having  a  bandwidth  of 
either  700  cycles  or  100  kilocycles  was  employed.  This  amplifier  is  useful 
in  monitoring  the  noise  characteristic  that  accompanies  the  magnetoabsorption. 
It  is  anticipated  that  noise  spectrum  analysis  may  be  useful  in  designing  an 
improved  selective  amplifier .  The  schematic  of  this  amplifier  is  shown  m 


FIGURE  48.  AMPLIFIER 


c.  Low-Pass  Filter  and  Amplifier 

t  r 

To  rneaBure~fche  low  level  induction  signal  in  the  radio  - 

frequency  detector  coil  described  previously,  the  low -pass  filter  and  ampli- 
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fier  shown  in  .Figure  49  were  used.  The  design  uses  a  low  noise,  high  fre¬ 
quency  FET  as  the  input  stage  to  prevent  the  filter -amplifier  combination 
from  loading  the  radiofrequency’ detector  coil.  The  FET  drives  a  low -pass 
filter  having  a  high  frequency  cutoff  at  10  kilocycles.  The  output  of  the  filter 
is  amplified  by  a  transformer,  another  FET  amplifier  and  a  bipolar  transistor 
amplifier.  A  choice  of  a  high  or  low  amplification  is  given  at  the  output  by 
using  the  bipolar  stage  as  a  common  emitter  or  a  common  collector  amplifier. 
In  the  high  gain  position,  induction  signals  smaller  than  1  pv  can  be  observed 
when  a  signal  is  displayed  on  an  oscilloscope  having  a  sensitivity  of  1  mv  per 


cm. 


This  filter -amplifier  has  application  primarily  in  discrete 
object  detection  wherein  the  metallic  objects  will  cause  unbalanced  bias  field 
inductions  in  the  radiofrequency  detector  coil.  However,  it  was  also  employed 
in  magnetic-void  detection  studies  to  assist  in  the  balancing  of  the  detection 
head, 

d.  Phase  Detector 

A  phase  detector  was  constructed  as  shown  in  Figure  50. 

It  is  an  amplitude -sensitive  phase  detector  using  two  dual-emitter  transistors 


as  the  switching  element's.  The  output  of  the  detector  is  basically  given  by 

?o  =  kEs  cos^s  -  <j»r) 

where 

Es.  =  signal  amplitude 
«j>r  =  phase  of  reference 
k  =  gain  of  the  detector 

*  j 

t 

<j>s  =  phase  of  signal 

Since  the  output  is  sensitive  tc  the  amplitude  as  well  as  the  phase,  it  can 
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serve  as  a  coherent 'detector .  By  exchanging  the  signal  and  reference 
inputs,  the  detector  can  be  made  insensitive  to  the  amplitude  of  the  signal 
and  can  be  employed  to  measure  only  phase  angle  between  two  signals  of 
the  same  frequency.  The  latter  mode  could  be  useful  in  the  harmonic 
analysis  of  the  magnetoahsorption  signal  in  discrete  object  studies, 
e.  Frequency  Disciminator 

The  device  to  convert  the  frequency  modulation  of  the 
marginal-oscillator  to  the  magnetoabsorption  frequency  signal  was  the  simple 
frequency  discriminator  shown  in  Figure  51.  A  high-Q  resonate  circuit 
tuned  above  the  frequency  of  the  marginal-oscillator  changes  frequency  mod¬ 
ulation  into  amplitude  modulation.  The  diode  amplitude  detector  then  con¬ 
verts  these  to  the  magnetoabsorption  frequency  signal.  D.  -de  limiters  Dj 
and  Di  ahead  of  the  resonant  circuit  eliminate  any  amplitude  modulation 
present  before  frequency  detection,  rests  indicated  that  the  discriminator 
had  a  sensitivity  of  320  j  .icrovolts  per  cycle.  .It  was  found  that  the  signal / 
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FIGURE  51.  FREQUENCY  DISCRIMINATOR 


noise  ratio  and  amplitude  of  the  magnetoabsorption  frequency  signal  were  the 
same  as  those  of  the  maghetoabsorptibri  amplitude  signal,  and,  therefore,  the 
magnetoabsorption  amplitude  signal  whs  used. 

2.  The  Reference  Channel,  Equipment 

a.  Bias  Field  Oscillator 

A  Hewlett  Packard  Model  HP-200CD  oscillator  served  as 
source  for  the  bias  field  that  modulates  the  reversible  permeability  of  the 
soil  or  ferromagnetic  discrete  object.  In  a  field  model,  the  HP-200CD 
oscillator  should  be  replaced  by  a  small  solid-state  oscillator.  Several 
commercial  oscillators  and  conventional  circuits  that  can  be  frequency  con¬ 
trolled  would  suit  this  purpose. 

b.  The  Bias  Field  Power  Amplifier 

A  20 -watt  amplifier  served  as  the  power  amplifier  for 
the  bias  field  coil.  Power  consumption  in  the  bias  field  coil  was  typically 
20  watts.  For  all  measurements,  the  bias  coil  was  series  resonated  to 
decrease  the  voltage  needed  for  the  high  current  requirement  of  the  bias  coil. 
This  tuning  also  prevented  a  large  phase  shift  between  the  bias  field  and  the 
generator  output. 

c.  Frequency  Doubler 

A  reference  signal  for  the  phase  detector  mentioned  earliei 
is  synthesized  from  the  bias  field  oscillator  output  by  means  of  a  full-wave 
rectifier  and  a  passive  filter  network.  The  present  design  allows  a  choice  of 


lu'< 


a  25,  50  and  100  -cycle  bias  field  frequency  through  the  use  of  filters  at  50, 

100  and  200  cycles,  Tfa^  circuit  diagram,  of  this  frequency  doubler  appears  in 
Figure  52.  The  full-wave  rectifier  output  is  given  by  the  expression 

V(w)  =  ^1  +  j  cos  2wt  -  cos  4ut  +  t j 

where  w  is  the  radial  frequency  of  the  bias  field.  The  selective  circuit  then 
passes  the  "2o)"  or  second -harmonic  component  to  form  the  reference  signal. 
This  design  features  low  current,  low  noise,  high  impedance  FET  amplifiers 
and  a  low  output  impedance  circuit  prc-ided  by  a  hybrid  Darlington  consisting 
of  an  FET  and  a  bipolar  emitter  follower. 

-  *  j  '  '  ,  / 

d.  Phase  Shifter 

A  phase  shifter  to  compensate  for  all  of  the  unwanted 
phase  shifts  is  accomplished  in  a  conventional  nianner  as  shown  in  Figure  53. 

v  :  \  • 

The  output  of  the  phase  shifting  network  is  ampliiled.by  a  Darlington  pair  of 
transistors  to  provide  a  low  impedance  output  and  the  power  amplification 
essential  for  a  good  reference  (switching)  signal  for  the  phase  detector. 

3.  Indoor  Test  Facility 

To  conveniently  make  repetitive  measurements  from  a  large 
box  of  soil  having  a  nonmetallic  mine  buried  at  the  center,  a  powered  dolly 
and  track  were  designed  and  constructed  using  available  materials  and  com¬ 
ponents.  The  dolly  and  track  mounted  on  the  box  are  shown  in  Figure  2.  The 
solid-state  components  assembled  into  a  magnetic  void-detection  application 
are  shown  in  the  small  labeled  boxes  on  the  bench  behind  the  box  of  soil. 
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IV,  CONCLUSIONS 
A.  Ma^netic-V old  Detector 

The  work  of  this  program  has  given  a  detection  head  with  a  coil  for 
pi  uducing  the  magnetic  bias  field  iftd  a  double -D  shaped  radiofrequency  coil 
which  can  be  used  for  detection  of  the  direct  induction  signal  with  a  fundamental 
at  the  maghetifc  bias  frequency 'and  a  magnetoabsorption  signal  with  its  funda¬ 
mental  at  twice  the  magnetic  feiakfrequency.  The  electronics  for  the  mag¬ 
netic-void  type  of  detection  system  using  only  the  magnetoabsorption  signal 
was  designed,  constructed  and  tested  satisfactorily.  The  magnetic-void 
detection  system  was  tested  in  the  laboratory  and  found  to  give  the  expected 
decrease  in  magnetoabsorption  signal  when  traversing  over  a  buried  mag¬ 
netic  void.  The  percentage  decrease  in  the  magnetoabsorption  was  35  percent 
for  a  type  M-19  mine  casing  buried  with  its  top  1  inch  from  the  surface  of  the 
soil.  The  percentage  change  was  15  percent  with  the  casing  buried  2  inches. 
The  percent  drop  in  the  magnetoabsorption  signal  caused  by  the  magnetic 
void  was  found  to  be  independent  of  the  height  of  the  detection  head  above  the 

soil  and  dependent  upon  the  depth  of  the  mine. 

% 

'''Because  of  these  -esults,  it  is  concluded  that:  (1)  magnetoabsorption 
signals  can  be  obtained  from  the  magnetic  materials  within  the  soil,  (7'  these 
magnetoabsorption  signals  have  a  useable  signal/noise  ratio  for  detection 
head  heights  of  from  0  to  2  inches  and  for  void  depths  (to  the  top  of  the 
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void)  of  2  inches,  (3)  the  double -D  radiofrequency  coil  and  magnetizing  coil 
combination  can  be  made  to  obtaitTsuSicient  sensitivity,  rigidity  and  lightness 


of  weight  for  a  portable  field  device,  (4)  that  the  magnetoabsorption  system 
can  find, buried  magnetic  voids  with  a  percentage  change  in  signal  of  from  15 
to  35  percept  for, a  range, of  void  depths  p.of  f  tp  2  inches,  (5)  that  the  solid- 

state  circuits,  required  for  the  m^gneti,c-vpid  detection  system  have  all  been 

* 

laboratory  tested  and  found  practical  fpr,  a  portable, field  device,  and  (6)  that 
the  variations  in  signal  caused  by  changes  in. the  height  of  the  detection  head 
can  be  made  ).$a&  effective  if  an  automatic  gaip-control  system  is  used  to  make 
the  output  read  thp  percentage change  whiph  is,  independent  of  height. 

B*  Discrete  Object  Detection  and.  Identification 

The  same  .detection  head  used  for  the  magnetic-void  detector  was  also 
used  for  the  discrete  object  detector.  Tlie  highTpass  filter  to  select  the 


magnetoabsorption  signal  plus  the,  io^rpass  fjlter  to  select  the  direct  induction 
signal  worked  well, with  the  marginal-oscillator  used  for  the  magnetic-void 
detector  with  no  reduction  in  the  sensitivity  to  the  detection  of  the  magneto¬ 
absorption  signal.  A  laboratory  model  of  the  discrete  object  detection  and 
identification  system  was  made  from  the  compopents  of  the  magnetic-void 
system.  Lissajous  patterns  and  harmonic  amplitudes  were  obtained  from 
twenty-one  different  discrete,  objects. 

Because  of  these  results  with  the  discrete  object  detection  and  identi¬ 
fication  laboratory  tests,  it  is  concluded  that;  (1)  a  sensitive  detection  of 
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both  the  magnetoabsorption  and  the  direct  induction  signals  can  be  obtained 
with  the  detection  head  used,  (2)  that  a  marginal-oscillator  provides  a  useable 
signal/noise  ratio  with  both  high-pass  and  low-pass  filter sf attached  to  select 
and  separate  the  magnetoabsorption  and  direct  induction  signals,  and  (3)  that 

*  ‘  f  i 

the  system. developed  can,  with  a  combination  of  the  Lissajous  patterns  of 

■  :'}H  *  A.  '  ■ 

magnetoabsorption  and  direct  induction,  both  detect  the  presence  of  all  of  the 
discrete  objects  used  and  identify  the  type  of  material  from  which  they  are 
made.  That  is,  the  system  can  discriminate  between  nonmagnetic  conductors, 
magnetic  nonconductors,  magnetic  conductors,  magnetized  magnetic  noncon¬ 
ductors  and  magnetized  magnetic  conductors. 


V  •'  TC-  /  vACjgdsa  Ji  '■■ . :  • 

y  •..  ■■>  .'''■<.'*>;  :?7  'yoJ<fJ’Ji;5^^.'  JRE^QMWENDATIpNS 
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.  %1  ><■  4  * 

A.  Magnctic-V  oid;  Pete  ction 

’Hf  '  <S  •  .  1  ■  ';.Ul  >.  *'■ ; >.  ■ , 

On  the  basis  pftthe  successful  laboratory  tests  of  the  magnetoabsorp- 

i'  ■  o‘.'u;  ■'  c **.'  v  -n: - ■ 

tion  magnetic-void  detector,  it  is  recommended  that  the  portable  field  model 

•  '  '  '  ~J  •  'Uf  ‘  }  M  <  . 

be  constructed  using  a  ruggedized  version  of  the  detection  head  and  a  minia- 

?  •;  ■,  •>{ 

turized  version  of  the  electronics  proven  successful  by  these  tests.  It  is 

1,  .1  .  . 

further  recommended  that  the  automatic  gain  system  for  detection-head-height 
compensation  be' designed,  developed,  tested  and  included  within  the  field 
model.  Upon  the  conclusion  of  these  tasks,  it  is  recommended  that  the  field 
model  of  the  magnetoabsorption  magnetic-void  detector  be  given  complete 
field  tests  with  many  different  types  of  soil. 

B.  Discrete  Object  Detection  and  Identification 

On  the  basis  of  the  successful  test  of  the  discrete  object  detection  and 
identification  system  using  only  the  Lissajous  patterns  and  the  harmonic 
amplitudes,  it  is  recommended  that  a  complete  discrete  object  detection  and 
identification  system  be  designed,  developed  and  tested  with  amplitude  and 
phase  measurements  on  all  necessary  harmonics.  It  is  further  recommended 
that  the  detection  head  be  studied  both  theoretically  and  experimentally  to 
obtain  the  highest  sensitivity  for  both  the  magnetoabsorption  and  direct  induc¬ 
tion  signals  with  discrete  objects.  It  is  then  recommended  that  the  field  test 
device  be  constructed  and  tested  and  that  identification  systems  be  worked  out 
with  the  greatest  simplicity  and  accuracy. 
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